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PREFACE. 


HE opportunity of a new edition has enabled the author 
to make numerous additions to both the volumes of this 

treatise. To make room for these some less important matter 
has been omitted. Many of these additions have already appeared 
in the German translation of this work and this is particularly 
the case with the additions made to the second volume. In the 
seven or eight years which have elapsed since the translation was 
published the progress of the science has not been slow. Much 
new matter therefore has been introduced into both the volumes 
and this has been arranged either as new theorems or as examples 
according to their importance. 

The dynamical principles of the subject are given in this volume 
together with the more elementary applications, while the more 
difficult theories and problems appear in the second. Sometimes 
one case of a problem supplies an example sufficiently elementary 
to appear in this volume while the general theory is given in the 
next. For example, the small oscillations of a vertical top and 
the motion of a sphere on a rough plane are partly discussed 
here, but they are more fully treated of in the second volume. 
In order that the plan of the book may be understood, a short 
summary of the next volume has been added to the table of 
contents. 

Each chapter has been made as far as possible complete in 
itself. This arrangement is convenient for those who are already 
acquainted with dynamics, as it enables them to direct their 
attention to those parts in which they may feel most interested. 
It also enables the student to select his own order of reading. 


vill PREFACE 


The student who is just beginning dynamics may not wish to be 
delayed by a chapter of preliminary analysis before he enters 
on the real subject of the book. He may therefore begin with 
D’Alembert’s Principle and read only those parts of Chapter I. 
to which reference is made. Others may wish to pass on as 
soon as possible to the principles of Angular Momentum and 
Vis Viva. Though a different order may be found advisable for 
some readers, I have ventured to indicate a list of Articles to 
which those who are beginning dynamics should first turn their 
attention. 

As in the previous editions a chapter has been devoted to the 
discussion of Motion in Two Dimensions. This course has been 
adopted because it seemed expedient to separate the difficulties 
of dynamics from those of solid geometry. 

Throughout each chapter there will be found numerous ex- 
amples, many being very easy, while others are intended for the 
more advanced student. In order to obtain as great a variety 
of problems as possible, a collection has been added at the end 
of each chapter, taken from the Examination Papers which have 
been set in the University and in the Colleges. As these problems 
have been constructed by many different examiners, it is hoped 
that this selection will enable the student to acquire facility in 
solving all kinds of dynamical problems. 

There are many useful instruments and important experimental 
researches whose theories require only a knowledge of dynamics 
and which can be easily understood without any long or intricate 
description. It will be seen that many of these have been selected 
as useful examples. 

Historical sketches have been attempted whenever they could 
be briefly given. Such notices, if not carried too far, add greatly 
to the interest of the subject. It is chiefly with the memoirs 
written since the early part of the last century that we are here 
concerned, and the number of these is so great that anything more 
than a slight notice of some of them is impossible. 


PREFACE 1x 


A useful theorem is many times discovered and probably each 
time with variations. It is thus often difficult to ascertain who is 
the real author. It has therefore been found necessary to correct 
some of the references given in the former editions and to add 
references where there were none before. 

The use of dots and accents for differential coefficients with 
regard to the time has been continued whenever a short notation 
was desirable. One objection to this notation is that the meaning 
of the symbol may be greatly changed by a slight error in the 
number of the dots or accents. As this might increase the 
difficulties of the subject to a beginner, the use of dots in the 
earlier chapters has been restricted chiefly to the working of 
examples, and care has been taken that the results should be 
clearly stated. 


EDWARD J. ROUTH. 


PETERHOUSE, 
August 1905. 
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CHAPTER I 


MOMENTS OF INERTIA 


1. In the subsequent pages of this work it will be found 
that certain integrals continually recur. It is therefore convenient 
to collect these into a preliminary chapter for reference. Though 
their bearing on dynamics may not be obvious beforehand, yet 
the student may be assured that it is as useful to be able to write 
down moments of inertia with facility as it is to be able to quote 
the centres of gravity of the elementary bodies. 

In addition however to these necessary propositions there are 
many others which are useful as giving a more complete view of 
the arrangement of the axes of inertia in a body. These also have 
been included in this chapter though they are not of the same 
importance as the former. 


2. All the integrals used in dynamics as well as those used 
in statics and some other branches of mixed mathematics are 
included in the one form 

[[fary® 2rdadydz, 

where (a, 8, y) have particular values. In statics two of these 
three exponents are usually zero, and the third is either unity 
or zero, according as we wish to find the numerator or denomi- 
nator of a coordinate of the centre of gravity. In dynamics of 
the three exponents one is zero, and the sum of the other two 
is usually equal to 2. The integral in all its generality has not 
yet been fully discussed, probably because only certain cases have 
any real utility. In the case in which the body considered is 
a homogeneous ellipsoid the value of the general integral has’ 
been found in gamma functions by Lejeune Dirichlet in Vol. tv. 
of Liowville’s Journal. His results were afterwards extended by 
Liouville in the same volume to the case of a heterogeneous 
ellipsoid in which the strata of uniform density are similar 
ellipsoids. 

In this treatise, it is intended chiefly to restrict ourselves to 
the consideration of moments and products of inertia, as being the 
only cases of the integral which are useful in dynamics. 


R, D. 
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3. Definitions. If the mass of every particle of a material 
system is multiplied by the square of its distance from a straight 
line, the sum of the products so formed is called the moment of 
inertia of the system about that line. 


If M be the mass of a system and & be such a quantity that 
Mi? is its moment of inertia about a given straight line, then / is 
called the radius of gyration of the system about that line. 


The term “moment of inertia” was introduced by Euler, and 
has now come into general use wherever Rigid Dynamics is studied. 
It will be convenient for us to use the following additional terms. 


If the mass of every particle of a material system is multi- 
plied by the square of its distance from a given plane or from 
a given point, the sum of the products so formed is called the 
moment of inertia of the system with reference to that plane or 
that point. 


If two straight lines Ox, Oy be taken as axes, and if the mass 
of every particle of the system be multiplied by its two co- 
ordinates w, y, the sum of the products so formed is called the 
product of mertia of the system about those two axes. 


This might, perhaps more conveniently, be called the product 
of inertia of the system with reference to the two coordinate 
planes az, yz. 

The term moment of inertia with regard to a plane seems to have been first used 


by M. Binet in the Journal Polytechnique, 1813. 


4. Let a body be referred to any rectangular axes Ow, Oy, Oz 
meeting in a point O, and let w, y, z be the coordinates of any 
particle m, then according to these definitions the moments of 
inertia about the axes of #, y, z respectively will be 


A=in(y+2), B= im(2+*), C= Xm(e+y"). 


The moments of inertia with regard to the planes yz, za, ay, 
respectively, will be 


A’= mi, B= Smy*- C= =mez7. 
The products of inertia with regard to the axes yz, zz, ay will be 
D=Xmyz, E=Xmz, F= may. 
Lastly, the moment of inertia with regard to the origin will be 
H= Ym (e+? + 2) = mr, 
where r is the distance of the particle m from the origin, 
5. Elementary Propositions. The following propositions 


may be established without difficulty, and will serve as illustrations 
of the preceding definitions. 


ART. 6] BY INTEGRATION 3 


(1) The three moments of inertia A, B, CO about three 
rectangular axes are such that the sum of any two of them is 
greater than the third. For 4+B-C=22mz'? and is positive, 


(2) The sum of the moments of inertia about any three 
rectangular axes meeting at a given point is always the same; 
and is equal to twice the moment of inertia with respect to that 
point. For 4+ B+C=22m (a?+y2+2?)=2=mr?, and is therefore independent 
of the directions of the axes. 


(3) The sum of the moments of inertia of a system with 
reference to any plane through a given point and its normal at 
that point is constant and equal to the moment of inertia of the 


system with reference to that point. Take the given point as origin and 
the plane as the plane of xy, then C’+C=mr?, which is independent of the 
directions of the axes. 


’ Hence we infer that 
A’=}(B+C- A), B=}4(C+A-—-B), and C’=4(A+B- (0). 


(4) Any product of inertia as D cannot numerically be so 
great as 44. 


(5) If A, B, Fare the moments and product of inertia of a 
lamina about two rectangular axes in its plane, then AB is greater 
than F?, If t be any quantity we have 41?+2Ft+B=2m (yt+2)’=a positive 
quantity. Hence the roots of the quadratic At?+2Ft+B=0 are imaginary, and 
therefore AB>F?, 


(6) Prove that for any body 
(A +B—C)(B+C—A) > 4E?, 
(A+ B-—C)(B+C-—A)(C+4 — B)> 8DEF. 


(7) The moment of inertia of the surface of a sphere of 


radius a and mass M about any diameter is M2a*. Since every element 
is equally distant from the centre its moment of inertia about the centre is Ma?. 


Hence by (2) the result follows. 


(8) The moment of inertia of the surface of a hemisphere 


of radius a and mass M about every diameter is M2a*, This follows 
immediately from (7) by completing the sphere, writing 2M for M and halving the 


result. 


6. Itisclear that the process of finding moments and products 
of inertia is merely that of integration. We may illustrate this 
by the following example. 


To find the moment of inertia of a uniform triangular plate 
about an axis in its plane passing through one angular point. 

Let ABC be the triangle, Ay the axis about which the moment 
is required. Draw Aw perpendicular to Ay and produce BC to 
meet Ay in D. The given triangle ABC may be regarded as the 

[9 


4 MOMENTS OF INERTIA (CHARS 


difference of the triangles ABD, ACD. Let us then first find the 
moment of inertia of ABD. Let 
PQP’Q bean elementary area whose 
sides PQ, P’Q’ are parallel to the 
base AD, and let PQ cut Aw in M. 
Let @ be the distance of the angular 
point B from the axis Ay, AM=«a 
and AD=l. 


Then the elementary area PQP’(Y 
B-« 


8 


of inertia about Ay is pl a din. a, 


is clearly 1 dx, and its moment 


where mw is the mass per unit of 
area. Hence the moment of inertia 
of the triangle ABD 


= ra U (1 — a de = pulp. 


0 


Similarly if y be the distance of the angular point C from the 
axis Ay, the moment of inertia of the triangle ACD is ~jply’. 
Hence the moment of inertia of the given triangle ABC is 
zypl (B® —y°). Now $18 and $ly are the areas of the triangles 
ABD, ACD. Hence if M be the mass of the triangle ABC, the 
moment of inertia of the triangle about the axis Ay is 


eM (8? + By +7’). 


ix. If each element of the mass of the triangle be multiplied by the nth power 
of its distance from the straight line through the angle 4, then it may be proved in 


j mt1 _ antl 
the same way that the sum of the products is ,— aE Re eee 


(n+1)(n+2) B-y 


7. When the body is a lamina the moment of inertia about an 
axis perpendicular to its plane vs equal to the sum of the moments 
of mertia about any two rectangular axes in its plane drawn from 
the point where the former axis meets the plane. 


For let the axis of z be taken normal to the plane, then, if 
A, B, C are the moments of inertia about the axes, we have 
A= imy, B= Xma?, C= Xm (a+), 
and therefore C=A+B. 
We may apply this theorem to the case of the triangle. Let 
8’, x be the distances of the points B, C from the axis Aw. Then 


the moment of inertia of the triangle about a normal to the plane 
of the triangle through the point A is 


tM (8? + By + y+ B?+ B’y +”). 


ART. 8] BY INTEGRATION 5 


Ex. Prove that the moment of inertia of the perimeter of a circle of radius a 
and mass M about any diameter is }Ma?. 


Since every element is equally distant from the axis of the circle, the moment 
of inertia about that axis is C=Ma?. Since A=B, the result follows at once. 


8. Reference Table. The following moments of inertia 
occur so frequently that they have been collected together for 


reference. The reader is advised to commit to memory the following 
table: 


The moment of inertia of 
(1) <A rectangle whose sides are 2a and 2b 


about an axis through its centre in its plane per- a? 
pendicular to the side 2a Petey 

about an axis through its centre perpendicu-) a? + b? 
lar to its plane {= Pea oma 


(2) An ellipse semi-axes a and b 


about the major axis a = mass 4 , 


about the minor axis 6 = mass Z p 


about an axis perpendicular to its soe a? + b? 
= mass 


through the centre 4 


In the particular case of a circle of radius a, the moment of 


a 
inertia about a diameter = mass ~ rae and that about a perpen- 
2 
dicular to its plane through the centre = mass 5 . 
(83) An ellipsoid semi-axes a, b, c 
P+e 
rea 
In the particular case of a sphere of radius a the moment 


about the axis a@ = mass 


; : : 2, 
of inertia about a diameter = mass = a”. 


5 
(4) A right solid whose sides are 2a, 2b, 2c 
about an axis through its centre perpendicular b? + ¢? 
to the plane containing the sides b andc [~ ™*° “37: 


These results may be all included in one rule, which the author 
has long used as an assistance to the memory. 
Moment of inertia (sum of squares of perpendicular 
about an cs semi-axes) 
of symmetry mBce 3 4or5 
The denominator is to be 3, 4 or 5, according as the body is 
rectangular, elliptical or ellipsoidal. 
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Thus, if we require the moment of inertia of a circle of radius 
a about a diameter, we notice that the perpendicular semi-axis in 
its plane is the radius a, and that the semi-axis perpendicular to its 


: 3 : : : a 
plane is zero, the moment of inertia required is therefore M rie 


if M be the mass. If we require the moment about a per- 

pendicular to its plane through the centre, we notice that the 

perpendicular semi-axes are each equal to a and the moment 
a+a . M a 

he oe 


required is therefore M 


9. As the process for determining these moments of inertia is very nearly the 
same for all these cases, it will be sufficient to consider only two instances. 


To determine the moment of inertia of an ellipse about the minor azis. 


B _ Let the equation of the ellipse be 
y=" Jaw. Take any elementary area 
PQ parallel to the axis of y, then clearly 
the moment of inertia is 
a a 
Ie al vtyde=4u" | five Ja? xda, 
0 KO 
Q 


where y is the mass of a unit of area. 


To integrate this, put =a sin ¢, and the integral becomes 


T Tv 


2 ou 4 
at | cos*¢sin?¢dp=a4t d= 00829, d¢= te ; 
5 ee: 16 
2 2 


*, the moment of inertia= rab S =mass 4 5 


In the same way we may show that the product of inertia of an elliptic quadrant 
ab 


about its axis—= mass — . 
Qa 


To determine the moment of inertia of an ellipsoid about a principal diameter. 


Let the equation of the ellipsoid 

ay? 
be a a Be 
mentary area PNQ parallel to the 
plane of yz. Its area is evidently 
mPN.QN. Now PN is the value 
of z when y=0, and QN the value 
of y when z=0, as obtained from 
the equation of the ellipsoid ; 


2 
+551 Take any ele- 


= PN=~ Ja?—2?, 


Y i 
QN=- Ja? a; 


, the area of the element =" (a? — x). 
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Let u be the mass of the unit of volume, then the whole moment of inertia 
@ be PN?2+ QN?2 be [% 24 @2 
=» { =; (a?—22) se de=nF Al (a3 22)" +¢ (a2 — a2) dx 
—-a 


a2 


ea b? +0? 
5 mass ——. 
In the same way we may show that the prodage:c of inertia of the octant of an 


ellipsoid about the axis of (x, y)= 


Ex. 1, The moment of inertia of an arc of a circle whose radius is a and which 
subtends an angle 2a at the centre about an axis 


(a) through its centre perpendicular to its plane = Ma?, 


(b) through its middle point perpendicular to its plane=2M ( i= ne) a, 


i 2 
(c) about the diameter which bisects the are=M (a ~ | 5 6 
a 


Ex. 2. The moment of inertia of the part of the area of a parabola cut off by 
any ordinate at a distance x from the vertex is ?Mx® about the tangent at the 
vertex, and +My? about the principal diameter, where y is the ordinate corre- 
sponding to z. 


Ex. 3. The moment of inertia of the area of the lemniscate 7?= a? cos 26 about 
a line through the origin in its plane and perpendicular to its axis is Ma? (3m +8)/48. 


Ex. 4. A lamina is bounded by four rectangular hyperbolas, two of them have 
the axes of coordinates for asymptotes, and the other two have the axes for 
principal diameters. Prove that the sum of a moments of inertia of the lamina 
about the coordinate axes is } (a?—a’*) (6?- , where a, a’; B, fp’ are the semi- 
major axes of the hyperbolas. 

Take the equations zy=u, x?—y?=v, then the two moments of inertia are 
B={{x?Jdudv and A={{y?Jdudv, where 1/J is the Jacobian of (wu, v) with regard 
to (, y). This gives at once 4+B=4{{dudv, where the limits are clearly u=}a? 
tou=4a%) v=62 to v=B?. 

Ex. 5. A lamina is bounded on two sides by two similar ellipses, the ratio of 
the axes in each being m, and on the other two sides by two similar hyperbolas, the 
ratio of the axes in each being nm. These four curves have their principal diameters 
along the coordinate axes. Prove that the product of inertia about the coordinate 

2_ 9/2) (g2 
axes is Coa where a, a’; 8, ’ are the semi-major axes of the curves. 

Ex. 6. If do is an element of the surface of a sphere referred to any rect- 
angular axes meeting at the centre, prove that inde =a 1m, where r is the 
radius of the sphere and » is integral. 

Ex. 7. Taking the same axes as in the last example, prove that 


4 L(f) ZL (g) L (h) 
2f 29 22h dg — pont? Se 
iE y9 222 do = rare ty Than ; 
where n=f+g+hand L(f) stands for the quotient of the product of all the natural 
numbers up to 2f by the product of the same numbers up to f, both included. 
To prove this, we notice that by the last example we have 


Aqry2nt2 
Joe + py + v2)" do = (2+ w?2+ v2)” ba 


Qn+1 ° 
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Expand both sides and equate the coefficients of \*/ 77", 

If we multiply the result by Ddr we have the value of the integral for any 
homogeneous shell of density D and thickness dr. Regarding D as a function of r, 
and integrating with regard to r, we can find the value of the integral for any 
heterogeneous sphere in which the strata of equal density are concentric spheres. 


Ex. 8. If do is an element of the surface of an ellipsoid referred to its principal 
diameters, and if p is the perpendicular from the centre on the tangent plane, prove 
de L(f) L(g) L (h) 
2f 120 22 mdog = : 2f+1 P29+ ¢2h-H 
fe Yy9 2h nde arti tae) OTOL Caeie, 
where a, b, c are the semi-axes and the rest of the notation is the same as before. 


This result follows at once from the corresponding one for a spherical shell by 
the method of projections. The corresponding integral when the indices of x, y, z 
are any quantities and the integration extends over an octant of the surface is given 
by Dirichlet’s theorem in gamma functions. 


Ex. 9. Show that the volume V, the surface S, and the moment of inertia I 
with regard to the plane perpendicular to the coordinate 2,, of the sphere in space 
of n dimensions, whose equation is 7,?+,?+...+,?=r?, are given by 

Var" (P4)*/0 (4n+1), s=-V, i=fe = 


These results follow easily from Dirichlet’s theorem. See also Art. 5 (2). 


10. Method of Differentiation. Many moments of inertia 
may be deduced from those given in Art.8 by the method of differen- 
tiation. Thus the moment of inertia of a solid ellipsoid of uniform 


Hee. : 5 4 b? + ¢? 

ensity p about the axis of a is known to be 5 mabep aan Let 
the ellipsoid increase indefinitely little in size, then the moment of 
inertia of the enclosed shell is d 15 mabcp fue : 


This differentiation can be effected as soon as the law according 
to which the ellipsoid alters rs given. Suppose the bounding 
ellipsoids to be similar, and let the ratio of the axes in each be 
given by b=pa, c=qa. Then 


moment of inertia of solid ellipsoid = 4arppq PL a; 
.“. moment of inertia of shell = 47ppq (p? + q’) asda. 
In the same way the mass of solid ellipsoid = 47ppqa' ; 
.. mass of shell = 47rppqa*da. 
Hence the moment of inertia of an indefinitely thin ellipsoidal 
shell of mass M bounded by similar ellipsoids is 1M (b? + @). 


By reference to Art. 8, it will be seen that this is the same as 
the moment of inertia of the circumscribing right solid of equal 
mass. These two bodies therefore have equal moments of inertia 
about their axes of symmetry at the centre of gravity. 


ART. 13] OTHER METHODS 9 


11. The moments of inertia of a heterogeneous body whose 
boundary is a surface of uniform density may sometimes be found 
by the method of differentiation. Suppose the moment of inertia 
of a homogeneous body of density D, bounded by any surface of 
uniform density, to be known. Let this when expressed in terms 
of some parameter a be ¢(a)D. Then the moment of inertia of a 
stratum of density D will be ¢’(a) Dda. Replacing D by the 
variable density p,the moment of inertia required will be { pd’ (a) da. 


Ex. 1. Show that the moment of inertia of a heterogeneous ellipsoid about the 
major axis, the strata of uniform density being similar concentric ellipsoids, and 
the density along the major axis varying as the distance from the centre, is 
3M (b? +0”). 

Ex, 2. The moment of inertia of a heterogeneous ellipse about the minor axis, 
the strata of uniform density being confocal ellipses and the density along the 
3M 4a° +0? —5a%c? 

20 2a3+¢3 —3ac? ~ 


minor axis varying as the distance from the centre, is 


12. Other methods of finding moments ofinertia. The 
moments of inertia given in the table in Art. 8 are only a few of 
those in continual use. The moments of inertia of an ellipse, for 
example, about its principal axes are there given, but we shall 
also frequently want its moments of inertia about other axes. It 
is of course possible to find these in each separate case by integra- 
tion. But this is a tedious process, and it may be often avoided 
by the use of the two following propositions. 


The moments of inertia of a body about certain axes through 
its centre of gravity, which we may take as axes of reference, are 
regarded as given in the table. In order to find the moment of 
inertia of that body about any other axis we shall investigate : 


(1) A method of comparing the required moment of inertia 
with that about a parallel axis through the centre of gravity. This 
is the theorem of parallel axes. ’ 


(2) <A method of determining the moment of inertia about 
this parallel axis in terms of the given moments of inertia about 
the axes of reference. This is the theorem of the six constants of 


a body. 


13. Theorem of Parallel Axes. (fiven the moments and 
products of inertia about all axes through the centre of gravity of a 
body, to deduce the moments and products about all parallel axes. 


The moment of inertia of a system of bodies about any axis 1s 
equal to the moment of inertia about a parallel axis through the 
centre of gravity plus the moment of inertia of the whole mass 
collected at the centre of gravity about the original axis. 

The product of inertia about any two axes is equal to the 
product of inertia about two parallel axes through the centre of 
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gravity plus the product of inertia of the whole mass collected at 
the centre of gravity about the original axes. 


Firstly, take the axis about which the moment of inertia is 
required as the axis of z. Let m be the mass of any particle of 
the body, which generally will be any small element. Let 2, y, z 
be the coordinates of m, %, 7, Z those of the centre of gravity G of 
the whole system of bodies, 2’, y’, z’ those of m referred to a system 
of parallel axes through the centre of gravity. 


s , 
Then since ey ae : ees are the coordinates of the 
=m =m =m 


centre of gravity of the system referred to the centre of gravity 
as the origin, it follows that Sma’ = 0, Ymy’ =0, =mz’ = 0. 


The moment of inertia of the system about the axis of z is 
= im (2+ y’), 
=i (G+ wPr Yt yy, 
= Sm (a + 9) + Sm (a? + y?) + 2%. Sma! + 27. Vmy’. 
Now =m(#+7*) is the moment of inertia of a mass 2m 
collected at the centre of gravity, and Xm («?+ y?) is the moment 


of inertia of the system about an axis through G, also Sma’ = 0, 
xmy' =0; whence the proposition is proved. 


It follows from this theorem, that, of all axes parallel to a 
gwen straight line that one has the least moment of wmertia which 
passes through the centre of gravity. 


Secondly, take the axes of w, y as the axes about which the 
product of inertia is required. The product required is 


= Im ay = im (E4+ a’ )(¥+y), 
= £Y. dim + Uma'y’ +ZUmy' + Yrme2", 
= fy=m + Uma'y’. 


Now xy. =m is the product of inertia of a mass =m collected 
at G and =ma’y’ is the product of the whole system about axes 
through G; whence the proposition is proved. 


Let there be two parallel axes A and B at distances a and b 


from the centre of gravity of the body. Then, if M he the mass 
of the material system, 


moment of inertia moment of inertia 
— Ma= — Mb 

about A My | about B ae 
_ Hence when the moment of inertia of a body about one axis 
is known, that about any other parallel axis may be found. It is 


obvious that a similar proposition holds with regard to the pro- 
ducts of inertia. 


ART. 14] THEOREM OF PARALLEL AXES Vidi 


14. The preceding proposition may be generalized as follows. 
Let any system be in motion, and let «a, y, z be the coordinates at 
the time ¢ of any particle of mass m. Let also &, te se Ene 
be the resolved velocities and accelerations of the same particle, 
where the dots represent as usual differentiations with regard to 
the time. Suppose 


V = md (a, &, &,-y, ¥, i, 2, Ze) 
to be a given function depending on the structure and motion of 
the system, the summation extending throughout the system. 


Also let @ be an algebraic function of the first or second order. 
Thus ¢ may consist of such terms as 


ax? + bay + cz? + eyz+ fut...... 


where a, b, c, &c. are some constants. Then the following general 
principle will hold. 


The value of V for any system of coordinates is equal to the 
value of V obtained for a parallel system of coordinates with the 
centre of gravity for origin plus the value of V for the whole mass 
collected at the centre of gravity with reference to the first system of 
coordinates. 


For let %, ¥, Z be the coordinates of the centre of gravity, and 
let r=%+2', &e,..@=H%+20', &e. 

Now since ¢ is an algebraic function of the second order of 
xv, & &; y, &e. it is evident that on making the above sub- 
stitution and expanding, the process of squaring &c. will lead to 
three sets of terms, those containing only @, x, 7, &c., those 
containing the products of %, 2’, &c., and lastly those containing 
only w’, &, &c. The first of these will on the whole make up 
$ (&, x, &c.), and the last ¢ (#’, #’, &c.). 

Hence V= =md G, @, ...) + 2md (2, @ +...) 
+m (Axé’ + Ban’ + Cay’ —...), 
where A, B, C, &c. are some constants. 

Now the term =m(#’) is the same as %Xmé’, and _ this 
vanishes. For since Sma’ =0, it follows that Xm#’=0. Simi- 
larly all the other terms in the second line vanish. 

Hence the value of V is reduced to two terms. But the first 
of these is the value of V for the whole mass collected at the 
centre of gravity, and the second of these the value of V for 
the whole system referred to the centre of gravity as origin. 
Hence the proposition is proved. 

The proposition would obviously be true if #, %, 2%, or any 
higher differential coefficients were also present in the func- 
tion V. 
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15. Theorem of the six constants of a body. (ven the 
moments and products of inertia about three straight lines at right 
angles meeting in a point, to deduce the moments and products of 
inertia about all other axes meeting in that pornt. 


Take these three straight lines as the axes of coordinates. 
Let A, B, OC be the moments of inertia about the axes of a, y, 2; 
D, LE, F the products of inertia about the axes of yz, zx, xy. Let 
a, 8, y be the direction-cosines of any straight line through the 
origin, then the moment of inertia J of the body about that line 
will be given by the equation 


T= Ao? + BB? + Oy — 2DBy — 2E ya — 2F a8. 


Let P be any point of the body at which a mass m is situated, 
and let w, y, 2 be the coordinates of P. 


a - Let ON be the line whose direction- 
cosines are a, 8, y, draw PN perpendicular 
\ to ON. 
N Since OWN is the projection of OP, it is 
0 clearly = za+ y8 + ay, also 
y z OP =r+y+2,andl=2+ +97. 


The moment of inertia J about ON = =mPWN? 
=m {a+ y? +2 — (ae + By + yz)} 
= Dm {(a? + oy + 2?) (+ 8? + 9”) — (ae + By + yz)?} 
= sm (y? tt 2) oe a =m (2 ab x) 2? + >m (a ab y’) i 
— 22myz. By — 2 mex. ya—2may .aB 
= Aa?+ BB? + Cy’ — 2DBy — 2H ya — 2FaB. 
It may be shown in exactly the same manner that if A’, B’, C’ 
be the moments of inertia with regard to the planes yz, za, xy, 


that the moment of inertia with regard to the plane whose 
direction-cosines are a, 8, y 1s 


=A’? + BB+ O'y? + 2DBy + 2Hya+ 2FaB. 
It should be remarked that this formula differs from that 


giving the moment of inertia about a straight line in the signs 
of the three last terms. 


16. When three straight lines at right angles and meeting in 
a given point are such that if they be taken as axes of coordinates 
all the products Xmay, Smyz, Smza vanish, these are said to be 
Principal Awes at the given point. 


The three planes which pass each through two principal axes 
are called the Principal Planes at the given point. 


The moments of inertia about the principal axes at any point 
are called the Principal moments of inertia at that point. 
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The fundamental formula in Art. 15 may be much simplified 
if the axes of coordinates can be chosen so as to be principal 
axes at the origin. In this case the expression takes the simple 
form I= Aa? + BB? + Oy’. 


A method will presently be given by which we can always 
find these axes, but in some simpler cases we may determine 
their position by inspection. Let the body be symmetrical about 
the plane of zy. Then for every element m on one side of the 
plane whose coordinates are (a, y, z) there is another element of 
equal mass on the other side whose coordinates are (a, y, — 2). 
Hence for such a body 2m#z=0 and Smyz=0. If the body be © 
a lamina in the plane of wy, then the z of every element is zero, 
and we have again {maz=0, Xmyz = 0. 


Recurring to the table in Art. 8, we see that in every case the 
axes, about which the moments of inertia are given, are principal 
axes. Thus in the case of the ellipsoid, the three principal 
sections are all planes of symmetry, and therefore, by what has 
just been said, the principal diameters are principal axes of 
inertia. In applying the fundamental formula of Art. 15 to any 
body mentioned in the table, we may therefore always use the 
modified form given in this article. 


17. Examples. Let us now consider how the two important propositions of 
Arts. 13 and 15 are to be applied in practice. 


Ex. 1. Suppose we want the moment of inertia of an elliptic area of mass M 
and semi-axes a and b about a diameter making an angle @ with the major axis. The 
moments of inertia about the axes of a and b respectively are 4Mb? and 4Ma?. 
By Art. 16 the moment of inertia about the diameter is }Mb* cos? 0+ 4Ma? sin? 6. 
It r be the length of the diameter this is known from the equation of the ellipse to 


M ab? 
be the same as Te aoe 


which is a very convenient form in practice. 

Ex. 2. Suppose we want the moment of inertia of the same ellipse about 
a tangent. Let p be the perpendicylar from the centre on the tangent, then by 
Art. 13, the required moment is equal to the moment of inertia about a parallel 


: M a?b? 5M ; 
axis through the centre together with Mp?= a S + Mp?= zi p’, since pr=ab. 


Ex. 3. Asan example of a different kind, let us find the moment of inertia of 
an ellipsoid of mass M and semi-axes (a, b, c) with regard to a diametral plane whose 
direction-cosines referred to the principal planes are (a, 8, y). By Art.8, the moments 
of inertia with regard to the principal axes are 4M (b?+c’), 4M (c?+a’), $M (a? +0’). 
Hence by Art. 5, the moments of inertia with regard to the principal planes are 
1Ma?, 1Mb?, 1Mc?. Hence the required moment of inertia is $M (a’a* + b°B? + c?y’). 
If p be the perpendicular on the parallel tangent plane, we know by solid geometry 
that this is the same as +Mp*. 


Ex. 4. The moment of inertia of a rectangle whose sides are 2a, 2b about 
2M a?b? 


a diagonal is “3 ata? 
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Ex. 5. If k,, hk, be the radii of gyration of an elliptic lamina about two 


’ : Lisp ees 
conjugate diameters, then if he a 4(a+ 3) . 


Ex. 6. The sum of the moments of inertia of an elliptic area about any two 
tangents at right angles is always the same. 

Ex. 7. If M be the mass of a right cone, a its altitude and b the radius of the 
base, then the moment of inertia about the axis is I/,%,b?; that about a straight 
line through the vertex perpendicular to the axis is M3(a?+ 40°), that about a slant 

; 3b? 6a? + b? : ; 
side MW 20 @ab? that about a perpendicular to the axis through the centre of 
gravity is M2, (a?+ 4b’). 

Ex. 8. Ifa be the altitude of a right cylinder, b the radius of the base, then 
the moment of inertia about the axis is 4M? and that about a straight line through 
the centre of gravity perpendicular to the axis is M (4a?+b’). 


Ex. 9. The moment of inertia of a body of mass M about a straight line whose 


equation is = 
m 


= = =a ; 
= —_ Y~I _?7" veferred to any rectangular axes meeting at the 
centre of gravity is 
AP + Bm? + Cn? -2Dmn-2Enl—2Flm+ M { f?+9? +h? -(fl+gm+hn)*t, 
where (1, m, n) are the direction-cosines of the straight line. 


Ex. 10. The moment of inertia of an elliptic disc whose equation is 
ax? + 2bay + cy” + 2dx + 2ey+1=0, 
about a diameter parallel to the axis of a, is Ti , where UM is the mass and 
H is the determinant ac — b? + 2bed — ae? — cd”, usually called the discriminant. 
Ex. 11. The moment of inertia of the elliptic disc whose equation in areal 
coordinates is (x, y, 2)=0 about a diameter parallel to the side a is 


AH (dad d\? 
o =) 2K? (aaa) % 


where A is the area, H the discriminant and K the bordered discriminant. 


18. Method of transformation of axes. The method used in Art. 15 to 
find the moment of inertia about the straight line ON is really equivalent to a 
change of coordinate axes in which this straight line is taken as a new axis, say, 
of &, those of 7 and ¢ not being required. We may now generalize this into a 
method which is often of great practical use. 

Let us suppose that ¢ (é, 7, ¢) is any quadratic function, say 

p= Ly 2+ Lyn? + Ly (2+ 2K nb + 2K fF + 2K, en, 
and that it is required to find Dm¢ (é, 7, ¢) the summation extending throughout 
any body. 
Select some convenient set of axes which we may call 2, y, z 


é 
Se : na 

— having the same origin such that the six constants of the body, 

. ed B ae viz. Dma?, Bmy?, Umz?, Umxy, Zmyz, Dmza, are all known or can 

Y ah Be Y be easily found. Let the direction-cosines of these axes be given 

# | a" BY" — by the diagram in the margin. 


We then have é=ar+a'y+a''z, n=Bxt+P'y+B"2, S=yxa+yy+y"z. Substitut- 
ing these values and expanding we obtain an expression for =m¢ (é, 7, ¢) in terms 
of the six known constants of the body. 
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The result may appear at first sight to be rather complicated, but if the new 
axes be properly chosen it reduces in most cases to a few terms. Thus if the axes 
of (x, y, 2) are principal axes all the terms Zmaxy, Zmyz, Smzx are zero. Supposing 
this choice to be made, the formula reduces to the convenient form 

Um (§, 7, 5) =¢$ (a, B,y) Ema? +  (a’, B’, 7’) my? +  (a”, B", y””) Zmz?...(1). 

In using this formula, the coefficient of ma? is obtained by substituting for 
(& 7) £) in ¢ (, 7, §) the direction-cosines of the new axis of «, i.e. the cosines in 
the row of the diagram marked x. The coefficient of Zmy? may be obtained by 
substituting the direction-cosines of the new axis of y, 1.e. the cosines in the row 
marked y, and go on. 


If it be required to change the origin of coordinates also, this may be done by 
an application of the theorem in Art. 14. 


If the body is a triangular area or a tetrahedral volume, the value of the integral 
2m¢ may be written down at sight when the coordinates of the corners of the body 
are given. We have merely to replace the body by any convenient system of equi- 
momental points, see Art. 36. 


Ex. 1, The coordinates of the centre of an elliptic area are (f, g, h) and the 
direction-cosines of its axes are (a, 8, y) (a’, 8’, y’), prove that 


Dme2= M (h2 + fa2y2+ fb?y/2). 
Ex. 2. Let Ox, Oy, Oz be the principal axes at the origin, prove that the 


product of inertia F’=Zmén about two rectangular axes O£, On whose directions 
are (a, a’, a’) (8, B’, B’”’) is given by either of the formulae 
Lmén = aBimx? + a’B’Dmy? + a” B"Dmz? 
= -—aBA-a’'p’B-a’B"C. 
The first result is seen at once to be true by substituting the values of 
£, given above; and the second result follows immediately from the first since 
aB+a’/p’+a"B’=0. These are very simple formulae to find products of inertia. 


Ex. 3. Let (y, 7,7’) be the direction-cosines of a fixed axis Og. Then as 
Oé, On turn round Og, prove that both D?+#” and A’b’—F” are constant where 
A’, B’, C', D’, E', F’ are the moments and products of inertia of the body referred 
to these moving axes. 

For by Ex. 2, — D’=ABy+Bp'y'+ CB"y", —-—H'=Aay+Ba'y'+ Cay” ; 

«. D+ E'2= A? (a2 +B?) +24 Byy’ (aa’ + BB’) + &e. ; 
since a?+$?=1-72=~y2+-~? and aa’ + BB’= — vy’ we have 
D2 + B2=(A — B)? (yy)? + (B- CP (7/7)? + (C - 4)? (7’"y)?. 
Similarly A'B! —- F?=BCy2+ CAy?2+ ABY”. 


19. The Ellipsoids of Inertia. ‘The expression which has 
been found in Art. 15 for the moment of inertia J about a straight 
line whose direction-cosines are (4, 8, 7), 

T=Acdi+ BB? + Cy’? — 2DBy — 2B ya — 2F a8, 
admits of a very useful geometrical interpretation. 

Let a radius vector OQ move in any manner about the given 
point O, and be of such length that the moment of inertia about 


OQ may be proportional to the inverse square of the length. 
Then if Rk seine the length of the radius vector whose 
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direction-cosines are (a, 8, y), we have [= Me‘/R?, where ¢€ is some 
constant introduced to keep the dimensions correct, and M is the 
mass. We shall sometimes abbreviate Me‘ into the single symbol K. 
Hence the polar equation of the locus of Q is 


pa Ae BB + Cry’? — 2DBy — 2Eya— 2P a8. 


Transforming to Cartesian coordinates, we have 
K=AX?+ BY?+ 07—2DYZ—-2EZX — 2FXY, 


which is the equation of a quadric. Thus to every point O of 
a material body there is a corresponding quadric which possesses 
the property that the moment of inertia about any radius vector 
is represented by the inverse square of that radius vector. The 
convenience of this construction is, that the relations which exist 
between the moments of inertia about straight lines meeting at 
any given point may be discovered by help of the known properties 
of a quadric. 


Since a moment of inertia is essentially positive, being by 
definition the sum of a number of squares, it is clear that every 
radius vector R must be real. Hence the quadric is always an 
ellipsoid. It is called the momental ellipsoid, and was first used 
by Cauchy, Hwercices de Math. Vol. 11. 


So much has been written on the ellipsoids of inertia that it is difficult to deter- 
mine what is really due to each of the various authors. The reader will find much 
information on these points in Prof. Cayley’s report to the British Association on 
the Special Problems of Dynamics, 1862. 


20. The Invariants. The momental ellipsoid is defined by 
a geometrical property, viz. that any radius vector is equal to some 
constant divided by the square root of the moment of inertia 
about that radius vector. Hence whatever coordinate axes are 
taken, we must always arrive at the same ellipsoid. If therefore 
the momental ellipsoid be referred to any set of rectangular axes 
the coefficients of X?, Y?, Z?,-2VZ, —2Z7X,—2XY in its equa- 
tion will still represent the moments and products of inertia about 
these axes, 


_ Since the discriminating cubic determines the lengths of the 
axes of the ellipsoid, it follows that its coefficients are unaltered 
by a transformation of axes. But these coefticients are 


A+B+0C, 
AB+BC+CA —D- E?- F?, 
ABC —-2DEF — AD? — BE? — CF’. 


Hence for all rectangular axes having the same origin, these are 
envarrable and all are greater than zero. 
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21. It should be noticed that the constant ¢ is arbitrary, 
though when once chosen it cannot be altered. Thus we have 
a series of similar and similarly situated ellipsoids, any one of 
which may be used as a momental ellipsoid. 


When the body is a plane lamina, a section of the ellipsoid 
corresponding to any point in the lamina by the plane of the 
lamina, is called a momental ellipse at that point. 


If principal axes at any point O of a body be taken as axes of 
coordinates, the equation of the momental ellipsoid takes the 
simple form AX?+ BY?+ CZ? = Me, where M is the mass and é& 
any constant. Let us now apply this to some simple cases. 


Ex.1. To find the momental ellipsoid at the centre of a material elliptic disc. 
Taking the same notation as before, we have 4=}Mb?, B=4Ma?, C=3M (a?+0?), 
Hence the ellipsoid is 4Mb2X? + $Ma?Y? +4 (a? +b?) Z2=Me. 

Since eis any constant, this may be written = + = + (3 ee 5) Z=e'. 

When Z=0, this becomes an ellipse similar to the boundary of given disc. Hence 
we infer that the momental ellipse at the centre of an elliptic area is any similar 
and similarly situated ellipse. This also follows from Art. 17, Ex. 1. 


Ex. 2. To find the momental ellipsoid at any point O of a material straight rod 
AB of mass M and length 2a, Let the straight line OAB be the axis of z, O the 
origin, G the middle point of AB, OG=c. If the material line can be regarded 
as indefinitely thin, A=0, B=M (ia?+c?)=C, hence the momental ellipsoid is 
Y2+ Z2=€', where ¢’ is any constant. The momental ellipsoid is therefore an 
elongated spheroid, which becomes a right cylinder having the straight line for 
axis, when the rod becomes indefinitely thin. 


Ex. 3, The momental ellipsoid at the centre of a material ellipsoid is 
(b2 +2) X24 (c2 +a?) Y2+(a2+b2) Z=e, 
where ¢ is any constant. It should be noticed that the longest and shortest axes of 
the momental ellipsoid coincide in direction with the longest and shortest axes 
respectively of the material ellipsoid. 


22. Conversely, we may show that any ellipsoid being given, a real material 
body can be found of which it is the momental ellipsoid provided the sum of the 
squares of the reciprocals of any two of its axes is greater than the square of the 
reciprocal of the third. 

For let the moments of inertia about the principal diameters be 4=K/a?, 
B=K|b®, C=K/c?, then by Art. 5 it is necessary that the sum of any two of the 
three A, B, C should be greater than the third. Again, this condition is sufficient, 
for if we place two particles on each principal diameter, at such distances from the 
origin, +p, +g, +7, and of such masses, m, m’, m”, that 

4mp?=B+C-A, 4mg?=C+A-B, 4mr’=A+B-C, 
these six particles will have the principal diameters for principal axes, and the 
given quantities, A, B, C, for their principal moments of inertia, 


23. Elementary Properties of Principal Axes. By a 
consideration of some simple properties of ellipsoids, the following 
propositions are evident: 


R. D. - 
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I. Of the moments of inertia of a body about axes meeting at 
a given point, the moment of inertia about one of the principal ames 
is greatest and about another least. 

For, in the momental ellipsoid, the moment of inertia about 
a radius vector from the centre is least when that radius vector 
is greatest and vice versd. And it is evident that the greatest and 
least radii vectores are two of the principal diameters. 


It follows by Art. 5 that of the moments of inertia with regard 
to all planes passing through a given point, that with regard to 
one principal plane is greatest and with regard to another is least. 


Il. If the three principal moments at any point O are equal 
to each other, the ellipsoid becomes a sphere. Every diameter is 
then a principal diameter, and the radii vectores are all equal. 
Hence every straight line through O is a principal axis at O, and 
the moments of inertia about them are all equal. 


For example, the perpendiculars from the centre of gravity of 
a cube on the three faces are principal axes ; for, the body being 
referred to them as axes, we clearly have =may=0, Xmyz = 0, 
Xmzcz = 0. - Also the three moments of inertia about them are by 
symmetry equal, Hence every axis through the centre of gravity 
of a cube is a principal axis, and the moments of inertia about 
them are all equal. 

Next suppose the body to be a regular solid. Consider two 
planes drawn through the centre of gravity each parallel to a face 
of the solid. The relations of these two planes to the solid are 
in all respects the same. Hence also the momental ellipsoid at 
the centre of gravity must be similarly situated with regard to 
each of these planes, and the same is true for planes parallel to all 
the faces. Hence the ellipsoid must be a sphere and the moment 
of inertia will be the same about every axis. 


Ex. 1. Three equal particles 4, B, C ave placed at the corners of an equilateral 
triangle; prove that the momental ellipse at their centre of gravity G is a circle. 

By symmetry the diameters GA, GB, GC of the momental ellipse at G must be 
equal. The ellipse is therefore a circle. 

Ex. 2. Four equal particles are placed at the corners of a tetrahedron. If the 
momental ellipsoid at their centre of gravity is a sphere, prove that the tetrahedron 
is regular. 

Ex. 3. Any point O in a body being given and any plane drawn through it, 
prove that two straight lines at right angles can be drawn in this plane through O 
such that the product of inertia about them is zero. 

These are the axes of the section of the momental ellipsoid at the point O 
formed by the given plane. 


24. At every point of a material system there are always three 
principal axes at right angles to each other. 


Construct the momental ellipsoid at the given point. Then it 
has been shown that the products of inertia about the axes are 
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half the coefficients of — XY, — YZ, —ZX in the equation of 
the momental ellipsoid referred to these straight lines as axes of 
coordinates. Now if an ellipsoid be referred to its principal 
diameters as axes, these coefficients vanish. Hence the principal 
diameters of the ellipsoid are the principal axes of the system. 
But every ellipsoid has at least three principal diameters, hence 
every material system has at least three principal axes. 


25. Ex. 1. The principal axes at the centre of gravity being the axes of 
reference, prove that the momental ellipsoid at the point (p, q, 7) is 


A B C 
ang) \2 24 2 \V2a | aoe 92 \ 72 9 ~ Or = =e 
( Red +r \x +( sei aefa ye +(q+P +4q )e qrYZ — 2rpZX — 2pqXV=e4, 


when referred to its centre as origin. 


Ex. 2. Show that the cubic equation to find the three principal moments of 
inertia at any point (p, g, r) may be written in the form of a determinant 


I-A 
ieee et Pq ™ =0 
LB ae 
PY Te ee ee: qr 
re I-¢ Pa 
™ my ee 4 


If (1, m, n) be proportional to the direction-cosines of the axes corresponding to 
any one of the values of J, their values may be found from the equations 
{I-(A+Mq?+ Mr?)} 1+ Mpqm+ Mrpn=0, 
Mpql+ {I — (B+ Mr? + Mp?)} m+ Mqrn=0, I 
Mrpl+ Mqrm+ {I- (C+ Mp? + Mq?)} n=0. 
Thus (1, m, n) are proportional to the minors of the constituents of any row of the 
determinant. 

Ex. 3. If S=0 be the equation to the momental ellipsoid at the centre of 
gravity O referred to any rectangular axes written in the form given in Art, 19, 
then the momental ellipsoid at the point P whose coordinates are (p, q, 1) is 

S+M(p?+q2+7?) (X2+Y?2+Z?) —M (pX+q¥+rZ)?=0. 
Hence show (1) that the conjugate planes of the straight line OP in the momental 
ellipsoids at O and P are parallel and (2) that the sections perpendicular to OP 
have their axes parallel. 


26. Ellipsoid of Gyration. The reciprocal surface of the 
momental ellipsoid is another ellipsoid, which has also been em- 
ployed to represent, geometrically, the positions of the principal 
axes and the moment of inertia about any line. 

We shall require the following elementary proposition. The reciprocal surface 

oe Omens” 
of the ellipsoid = + a + s=1 is the ellipsoid a?x? + b?y? + c?z?= 4. 
. a ) 

Let ON be the perpendicular from the origin O on the tangent plane at any 
point P of the first ellipsoid, and let /, m, n be the direction-cosines of ON, then 
ON?=a2l?2 + b2m?+¢2n2. Produce ON to Q so that OQ=e«2/ON, then Q is a point 
on the reciprocal surface. Let OQ=R; .. e4=(a*l?+b*m?+c*n?) R?. Changing 
this to rectangular coordinates, we get e4= aa? + by? + c2z%, 


2—2 
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To each point of a material body there corresponds a series 
of similar momental ellipsoids. If we reciprocate these we get 
another series of similar ellipsoids coaxial with the first, and such 
that the moments of inertia of the body about the perpendiculars 
on the tangent planes to any one ellipsoid are proportional to 
the squares of those perpendiculars. It is, however, convenient 
to call that particular ellipsoid the ellipsoid of gyration which 
makes the moment of inertia about a perpendicular on a tangent 
plane equal to the product of the mass into the square of that 
perpendicular. If M be the mass of the body and 4, B, C the 
principal moments, the equation of the ellipsoid of gyration is 

AS eae Ze 
A Bl Oumeile 

It is clear that the constant on the right-hand side must be 
1/M, for when Y and Z are put equal to zero, MX* must by 
definition be A. 


27. Conversely, the series of momental ellipsoids at any point 
of a body may be regarded as the reciprocals, with different con- 
stants, of the ellipsoid of gyration at that point. They are all of 
an opposite shape to the ellipsoid of gyration, having their longest 
axes in the direction of the shortest axis and their shortest axes 
in the direction of the longest axis of the ellipsoid of gyration. 
The momental ellipsoids however resemble the general shape of 
the body more nearly than the ellipsoid of gyration. They are 
protuberant where the body is protuberant and compressed where 
the body is compressed. The exact reverse of this is the case in 
the ellipsoid of gyration. See Art, 22, Ex. 3. 

28. Ex.1. To find the ellipsoid of gyration at the centre of a material elliptic 
disc. Taking the values of 4, B, C given in Art. 22, Ex. 1, we see that the 
ellipsoid of gyration is Ss + a + start, = : 

ae GSO GES a 
~ Ex. 2 The ellipsoid of gyration at any point O of a material rod AB is 
0 Tyas fate? 
flat spheroid which, when the rod is indefinitely thin, becomes a circular area, whose 
centre is at O, whose radius is lt a? +c? and whose plane is perpendicular to the rod. 

Ex. 3. It may be shown that the general equation of the ellipsoid of gyration 
referred to any set of rectangular axes meeting at the given point of the body is 


=1, taking the notation of Art. 21, Ex. 2. It is thus a very 


A FD SE) alee: 
=F B ape ieuy 
ah ee Co) uz 
MX MY MZ M 


or, when expanded, 
(BC - D?) X24 (CA — E?) Y?+(AB - F2) Z24+2 (AD + EF) YZ42(BE+FD) ZX 


1 
+2(CF+DE) XY=5 (ABC - AD?~ BE?- CF?-2DEF). 


The right-hand side, when multiplied by M, is the discriminant obtained by 
leaving out the last row and the last column, and the coefficients of X2, Y2, Z2, 
2ZX, 2XY, 2YZ are the minors of this discriminant. 
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_29. The use of the ellipsoid whose equation referred to the 
principal axes at the centre of gravity is 
XG ie 2 5 
Set ate ata VD 
mat = dmy? Im MM 
has been suggested by Legendre in his Fonctions Elliptiques. 
This ellipsoid is to be regarded as a homogeneous solid of such 
density that its mass is equal to that of the body. By Art. 8, 
Ex. 3, it possesses the property that its moments of inertia with 
regard to its principal axes, and therefore by Art. 15 its moments 
of inertia with regard to all planes and axes, are the same as 
those of the body. We may call this ellipsoid the equimomental 
ellipsoid or Legendre’s ellipsoid. 
Ex. If a plane move so that the moment of inertia with regard to it is always 


proportional to the square of the perpendicular from the centre of gravity on the 
plane, then this plane envelopes an ellipsoid similar to Legendre’s ellipsoid. 


30. There is another ellipsoid which is sometimes used. By Art. 15 the 
moment of inertia with reference to a plane whose direction-cosines are (a, B, y) is 
I’= Dmx? . a? + Bmy2. B2+ Zmz2. y2+2Zmyz. Py +@Umzr. ya+2Dmay . aB. 

Hence, as in Art. 19, we may construct the ellipsoid 

Dmx? . X24 Smy?. Y2+ Bmz?. Z2422myz. YZ +2Umzr.ZX+2mary . XY=K. 
Then the moment of inertia with regard to any plane through the centre is repre- 
sented by the inverse square of the radius vector perpendicular to that plane. 

If we compare the equation of the momental ellipsoid with that of this ellipsoid, 
we see that one may be obtained from the other by subtracting the same quantity 
from each of the coefficients of X?, Y2, Z. Hence the two ellipsoids have their 
circular sections coincident in direction. 

This ellipsoid may also be used to find the moments of inertia about any 
straight line through the origin. For we may deduce from Art. 15 that the moment 
of inertia about any radius vector is represented by the difference between the 
inverse square of that radius vector and the sum of the inverse squares of the 
semi-axes. This ellipsoid is a reciprocal of Legendre’s ellipsoid. All these ellipsoids 
have their principal diameters coincident in direction, and any one of them may be 
used to determine the directions of the principal axes at any point. 


31. When the body considered is a lamina, the section of the ellipsoid of 
gyration at any point of the lamina by the plane of the lamina is called the ellipse 
of gyration. If the plane of the lamina be the plane of xy, we have =mz?=0. 
The section of the fourth ellipsoid is then clearly the same as an ellipse of gyration 
at the point. If any momental ellipse be turned round its centre through a right 
angle it evidently becomes similar and similarly situated to the ellipse of gyration, 
Thus, in the case of a lamina, any one of these ellipses may be easily changed 
into the others. 


32. Equimomental Cone. A straight line passes through a fixed point O and 
moves about it in such a manner that the moment of inertia about the line is always 
the same and equal to a given quantity I. To find the equation of the cone generated 
by the straight line. 

Let the principal axes at O be taken as the axes of coordinates, and let (a, 8, +) 
be the direction-cosines of the straight line in any position. Then by Art. 16 we 
have Aa?+B6?+Cy?=I. Hence the equation of the locus is 

(4-1) a?-+ (BI) B?+(C-1) y°=0, 
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or, transforming to Cartesian coordinates, : 
(4 —I) a? +(B-T) y?+(C -TI) 2?=0. 

It appears from this equation that the principal diameters of the cone are the 
principal axes of the body at the given point. 

The given quantity I must be less than the greatest and greater than the least 
of the moments 4, B, C.. Let A, B, C be arranged in descending order of magni- 
tude; then if I be less than B, the cone has its concavity turned towards the axis 
C, if I be greater than B the concavity is turned towards the axis 4, if J=B the 
cone becomes two planes which are coincident with the central circular sections of 
the momental ellipsoid at the point O. 

The geometrical peculiarity of this cone is that its circular sections in all cases 
are coincident in direction with the circular sections of the momental ellipsoid at 
the vertex. 

This cone is called an equimomental cone at the point at which its vertex is 
situated. 


33. On Equimomental Bodies. Two bodies or systems of 
bodies are said to be equimomental when their moments of inertia 
about all straight lines are equal each to each. 


34. If two systems have the same centre of gravity, the same 
mass, the same principal axes and principal moments at the centre 
of gravity, it follows from the two fundamental propositions of 
Arts. 13 and 15 that their moments of inertia about all straight 
lines are equal, each to each. 


The converse theorem is also true. If the two bodies have 
equal moments of inertia about every straight line, it is evident 
that the axes of maxima and minima moments are the same in 
the two bodies. Of all straight lines having a given direction 
that one has the least moment of inertia for either body which 
passes through the centre of gravity of that body (Art. 18). 
Consider any direction perpendicular to the straight line joining 
the two centres of gravity G, G’. The minimum for one body 
passes through @ and for the other through G’. They cannot 
be the same unless G, @’ coincide. 


Next consider all the directions which pass through the 
common centre of gravity. The axes of greatest and least 
moments of inertia for each body are two of the principal axes 
of that body (Art. 23). These must therefore coincide in the 
two bodies. The third axis in each body is perpendicular to 
these two, and they also must coincide. 


Lastly, consider two parallel axes at a distance p apart, one 
passing through the common centre of gravity. By the theorem 
of parallel axes, the difference of the moments of inertia about 
these for either body is Mp’, where M is the mass of that body. 
But both the moments of inertia and the distance p are the same 
for each body. Hence the masses are also equal. 


It is easy to see that two equimomental systems must have 
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the same momental ellipsoid, and therefore the same principal 
axes at every point. 


35, Case ofa Triangle. To find the moments and products 
of inertia of a triangle about any axes whatever. 


If 8 and y be the distances of the angular points B, C of a 
triangle ABC from any straight line AX drawn through the 
angle A, in the plane of the triangle, it is known that the moment 
of inertia of the triangle about AX is 1M(6?+ By +4”), where 
M is the mass of the triangle. 


Let three equal particles, the mass of each being 1M, be placed 
at the middle points of the three sides. Then it is easily seen, 
that the moment of inertia of the three particles about AX is 


M B + 2 oy 2 is; 2 

3 \( ay) +(5) +@t. 
which is the same as that of the triangle. The three particles, 
treated as one system, and the triangle have the same centre of 
gravity. Let this point be called O. Draw any straight line OX’ 
through the common centre of gravity O parallel to AX, then it 
is evident that the moments of inertia of the two systems about 
OX’ are also equal. 


Since this equality exists for all straight lines through O in 
the plane of the triangle, it will be true for two straight lines 
OX’, OY’ at right angles, and therefore also for a straight line 
OZ’ perpendicular to the plane of the triangle. 


One of the principal axes at O of the triangle, and of the 
systems of three particles, is normal to the plane, and therefore the 
same for the two systems. The principal axes at O in the plane, 
are those two straight lines about which the moments of inertia 
are greatest and least, and therefore by what precedes these axes 
are the same for the two systems. If at any point two systems 
have the same principal axes and principal moments, they have 
also the same moments of inertia about all axes through that 
point, and the same products of inertia about any two straight 
lines meeting in that point. And if this point be the centre of 
gravity of both systems, the same thing will also be true for any 
other point. 

If then a particle whose mass is one-third that of the triangle 
be placed at the middle point of each side, the moment of wmertia 
of the triangle about any straight line, is the same as that of the 
system of particles, and the product of inertia about any two 
straight lines meeting one unother, is the sume as that of the 
system of particles. 


36. The existence of equimomental points is of the greatest 
utility in finding the moments and products of inertia of a body 
aboutany axes. They may also be used for more general integrations. 
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Thus suppose any given body to be equimomental to three 
particles whose coordinates are (@, Yi, 21); (2, Yas 2), (5; Ys, 23)s 
Since the masses placed at these points may not in all cases 
be equal, let these masses be respectively Jf,, M., Ms, where of 
course the sum is equal to the mass of the body. Let $(#, y, 2) 
be any function of , y, z which does not contain any power higher 
than the second. Let it be required to find the value of the 
integral or sum Ym¢(a, y, z) taken throughout the body, where 
m is an element of the mass. The required integral is evidently 
equal to Md (am, %, 2%) + Mod (42, Yos 22) + Ms (as, Ys» 2s) 

By properly choosing the equivalent points we may use a 
similar rule in which ¢ is any cubic or quartic function of a, y, 2, 
but as these cases are not wanted in rigid dynamics we shall 
merely state a few results a little farther on. 


The same body may be equimomental to several systems of 
points, and some of these sets may be more convenient than the 
others. In order that a set of equimomental points may be useful 
it is necessary (1) that the points should be so conveniently placed 
in the body that their coordinates can be easily found with regard 
to any given axes, (2) that the number of points employed in the 
set should be as small as possible. Of these two requisites the 
first is by far the more important. 


Equimomental points have another use besides that of shorten- 
ing integrations which may otherwise be troublesome. It will be 
presently seen that they have a dynamical importance. 


37. A momental ellipsoid at the centre of gravity of any triangle may be found 
as follows. 

Let an ellipse be inscribed in the triangle touching two of the sides AB, BC 
in their middle points fF, D. Then, by Carnot’s theorem, it touches the third side 
CA in its middle point H. Since DF is parallel to CA the tangent at Z, the straight 
line joining £ to the middle point N of DF passes through the centre, and therefore 
the centre of the conic is at O the centre of gravity of the triangle. 

This conic may be shown to be a momental ellipse of the triangle at O. To 
prove this, let us find the moment of inertia of the triangle about OZ. Let 
OE =r, and let 7’ be the semi-conjugate diameter, and w the angle between r and 1’. 
Now ON=$r, and hence from the equation of the ellipse FN2=r'2, 

therefore moment of PILES WWE Ne 
inertia about OE } Se OS ora 
where A’ is the area of the ellipse, so that the moments of inertia of the system 
about OH, OF, OD are proportional inversely to OH?, OF?, OD?. If we take a 
momenial ellipse of the right dimensions, it will cut the inscribed conic in E, F, 
and D, and therefore also at the opposite ends of the diameters through these 
points. But two conics cannot cut each other in six points unless they are 
identical. Hence this conic is a momental ellipse at O of the triangle. 

A normal at O to the plane of the triangle is a principal axis of the triangle 
(Art. 16). Hence a momental ellipsoid of the triangle has the inscribed conic for 
one principal section. If 2a and 2b be the lengths of the axes of this conic, 2c that 
of the axis of the ellipsoid which is perpendicular to the plane of the lamina, we 
have, by Arts. 7 and 19, 1/c?=1/a?+1/b2. 
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If the triangle be an equilateral triangle, the momental ellipsoid becomes a 
spheroid, and every axis through the centre of gravity in the plane of the triangle 
is a principal axis. 

Since any similar and similarly situated ellipse is also a momental ellipse, we 
may take the ellipse circumscribing the triangle, and having its centre at the centre 
of gravity, as the momental ellipse of the triangle. 


38. Ex. 1. A momental ellipse at an angular point of a triangular area touches 
the opposite side at its middle point and bisects the adjacent sides. 


Ex. 2. A momental ellipse at the middle point F of the side 4B of a triangular 
lamina ABC circumscribes the triangle and has FC, 'B for conjugate diameters. 
Prove also that another momental ellipse at the same point F’ touches the sides 4C, 
BC at their middle points. 


Ex. 3, The principal radii of gyration at the centre of gravity of a triangle 
a+ b? + ¢2 A2 


th ts of th ti 4 Q = 
are the roots o e equation 2 36 vt 103 0, 


where A is the area of the triangle. 


Ex, 4. The direction of the principal axes at the centre of gravity O of a 


triangle may be constructed thus. Draw at the middle point D of any side BC 
2 Pp) 

lengths eq 4 eens 

from 4 on BC and k, k’ are the principal radii of gyration found by the last 

example. Then OH, OH’ are the directions of the principal axes at O, whose 

moments of inertia are respectively Mk? and Mk’. 


along the perpendicular, where p is the perpendicular 


Ex. 5. The directions of the principal axes and the principal moments at the 
centre of gravity may also be determined thus. Draw at the middle point D of any 
side BC a perpendicular DK=BC/2,/3. Describe a circle on OK as diameter and 
join D to the middle point of OK by aline cutting the circle in Rand 8, then OR, OS 
are the directions of the principal axes, and the moments of inertia about them are 
respectively 4. DS? and4M. DR?. 

Ex. 6. Let four particles each one-sixth of the mass of the area of a parallelo- 
gram be placed at the middle points of the sides and a fifth particle one-third of the 
same mass at the centre of gravity, then these five particles and the area of the 
parallelogram are equimomental systems. 

Ex. 7. Let particles each equal to one-twelfth of the mass of a quadrilateral 
area be placed at each corner and let a fifth particle of negative mass but also one- 
twelfth be placed at the intersection of the diagonals, Then the centre of gravity of 
the quadrilateral area is the centre of gravity of these five particles. Let a sixth 
particle equal to three-quarters of the mass of the quadrilateral be placed at the 
centre of gravity thus found. Prove that these sta particles are equimomental to the 
quadrilateral area. 

Ex. 8. Let particles each equal to one-quarter of the mass of an elliptic area be 
placed at the middle points of the chords joining the extremities of any pair of con- 
jugate diameters. Prove that these four particles are equimomental to the elliptic area. 

Ex. 9. Let a tenth of the mass of a solid homogeneous ellipsoid be placed at 
each of the six extremities of a set of conjugate diameters and two-fifths of the mass 
at the centre, prove that this system of particles 1s equimomental to the ellipsoid. 

Ex. 10. Any sphere of radius a and mass M is equimomental to a system of 


: 2 
four particles each of mass a (¢) placed so that their distances from the centre 
make equal angles with each other and are each equal to 7, and a fifth particle equal 


to the remainder of the mass of the sphere placed at the centre. 
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39. Case of a Tetrahedron. To. find ihe moments and 
products of inertia of a tetrahedron about any awes whatever, 
ie. to find a system of equimomental particles. 

Let ABCD be the tetrahedron. Through one angular point 
D draw any plane and let it be taken as the plane of wy. Let D 
be the area of the base ABC, a, 8, y the distances of its angular 
points from the plane of wy, and p the length of the perpendicular 
from D on the base ABC. 


Let PQR be any section parallel to the base ABC and of 
thickness du, where wu is the perpendicular from D on PQR. The 
moment of inertia of the triangle PQR with respect to the plane 
of ay is the same as that of three equal particles, each one-third 
its mass, placed at the middle points of its sides. ‘The volume of 


the element PQR =“ Ddu The ordinates of the middle points of 


the sides AB, BC, CA are respectively $(a+ 8), 4(8+ +), (y+). 
Hence, by similar triangles, the ordinates of the middle points of 
PQ, QR, RP are $ (a+ 8) ulp, 3 (B+) ulp, oy + %) ulp. 

The moment of inertia of the triangle PQR with regard to the 
plane wy is therefore 


lu? B+yur? yey + (Bee) 
5p Da |( ; led Sa eee 


Integrating from u=0 to u=p, we have the moment of inertia 
of the tetrahedron with regard to the plane ay 
=d5 V (e+ e+ + By+ya+ af}, 
where V is the volume. 


If particles each one-twentieth of the mass of the tetrahedron 
were placed at each of the angular points and the rest of the mass, 
viz. four-fifths, were collected at the centre of gravity, the moment 
of inertia of these five particles with regard to the plane of wy 

ee icy, We ee VA VE 
would be =V( Z ) +594 + 908 +597 
which is the same as that of the tetrahedron. 


The centre of gravity of these five particles is the centre of 
gravity of the tetrahedron, and together they make up the mass 
of the tetrahedron. Hence, by Art. 13, the moments of inertia of 
the two systems with regard to any plane through the centre of 
gravity are the same, and by the same article this equality will 
exist for all planes whatever. It follows, by Art. 5, that the 
moments of inertia about any straight line are also equal. The 
two systems are therefore equimomental. 


_ 40. Theory of Projections. If the distance of every point 
In a given figure In space from some fixed plane be increased in a 
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fixed ratio, the figure thus altered is called the projection of the 
given figure. By projecting a figure from three planes at right 
angles as base planes in succession, the figure may be often much 
simplified. Thus an ellipsoid can always be projected into a 
sphere, and any tetrahedron into a regular tetrahedron. 

It is clear that if the base plane from which the figure is 
projected be moved parallel to itself into a position distant D 
from its former position, no change of form is produced in the 
projected figure. If n be the fixed ratio of projection the pro- 
jected figure has merely been moved through a space nD perpen- 
dicular to the base plane. We may therefore suppose the base 
plane to pass through any given point which may be convenient. 


41. If two bodies are equimomental, their projections are also 
equimomental, 

Let the origin be the common centre of gravity, then the 
two bodies are such that Sm= =m’; Ym«e=0, =m'e'=0, We, 
mx = Ym'se?, Xmyz = Ym'y'z’, &e., unaccented letters referring 
to one body and accented letters to the other. Let both the 
bodies be projected from the plane of xy in the fixed ratio 1:n. 
Then any point whose coordinates are (2, y, 2) 1s transferred to 
(a, y, nz) and (a’, y’, 2’) to (a’, y’, nz’). Also the elements of mass 
m,m’ become nm and nm’. It is evident that the above equalities 
are not affected by these changes, and that therefore the projected 
bodies are equimomental. 

The projection of a momental ellipse of a plane area is a 
momental ellipse of the projection. 

Let the figure be projected from the axis of # as base line, 
so that any point (a, y) is transferred to (a, y’) where y'=ny, and 
any element of area m becomes m’ where m’=nm. Then 


1 
max? = hy =m's, Smay = = Say’, Lmy? = “: me 


The momental ellipses of the primitive and the projection are 
rmyX?— 2ZmayX Y + ma? VY? = Me, 
Sm'y?X = — Wm'ay' XY’ + Sma V? = Me’. 

To project the former we put X’=X, Y’=nY. Its equation 
becomes identical with the latter by virtue of the above equalities 
when we put e4=e‘n?, 

42, Ex,1. A momental ellipse of the area of a square at its centre of gravity 
is easily seen to be the inscribed circle. By projecting this figure first with one side 
as base line, and secondly with a diagonal as base, the square becomes successively 


arectangle and a parallelogram. Hence one momental ellipse at the centre of gravity 
of a parallelogram is the inscribed conic touching the sides at their middle points. 


Ex. 2. By projecting an equilateral triangle into any triangle, we may infer the 
results of some of the previous articles, but the method will be best explained by its 
application to a tetrahedron. 
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Ex. 3. Since any ellipsoid may be obtained by projecting a sphere, we infer by 
Art. 38, Ex. 10, that any solid ellipsoid of mass M is equimomental to a system of 
four particles each of mass = a placed on a similar ellipsoid whose linear dimen- 

n 
sions are n times as great as those of the material ellipsoid, so that the eccentric 
lines of the particles make equal angles with each other, and a fifth particle equal 


to the remainder of the mass of the ellipsoid placed at the centre of gravity. 


If this material ellipsoid be the Legendre’s ellipsoid of any given body, we 
see that any body whatever is equimomental to a system of five particles placed as 
above described on an ellipsoid similar to the Legendre’s ellipsoid of the body. 


Ex. 4. Show that a solid oblique cone on an elliptic base is equimomental to a 
system of three particles each one-tenth of the mass of the cone placed on the cir- 
cumference of the base so that the differences of their eccentric angles are equal, a 
fourth particle equal to three-tenths of the cone placed at the middle point of 
the straight line joining the vertex to the centre of gravity of the base, and a 
fifth particle to make up the mass of the cone placed at the centre of gravity of the 
volume. 


43. To find an ellipsoid equimomental to any tetrahedron. The moments of 
inertia of a regular tetrahedron with regard to all planes through the centre of 
gravity O are equal by Art. 23. If r be the radius of the inscribed sphere, the 
moment with regard to a plane parallel to one face is easily seen by Art. 39 to be 

2 
®, 
of gravity, and its mass equal to that of the tetrahedron, this sphere and the tetra- 
hedron will be equimomental. Since the centre of gravity of any face projects into 
the centre of gravity of the projected face, we infer that the ellipsoid to which any 
tetrahedron is equimomental is similar and similarly situated to that inscribed in 
the tetrahedron and touching each face in its centre of gravity, but has its linear 


dimensions greater in the ratio 1 : NI: 3. It may also be easily seen that the sphere 


whose radius is p=/3r, touches each edge of the regular tetrahedron at its middle 
point. Hence we infer that the ellipsoid equimomental to any tetrahedron touches 
each edge at its middle point and has its centre at the centre of gravity of the volume. 


If then we describe a sphere of radius p= ,/3r, with its centre at the centre 


Ex. 1, If H? be the sum of the squares of the edges of a tetrahedron, F? the 
sum of the squares of the areas of the faces and V the volume, show that the semi- 
axes of the ellipsoid inscribed in the tetrahedron, touching each face in the centre 
of gravity and having its centre at the centre of gravity of the tetrahedron, are the 
roots of PORN GR iret ects =: 

Poe 8? To BP — oe 3 
and that, if the roots be +p,, +p2, +=p3, the moments of inertia with regard to the 


= (0) 


2 2 2 
principal planes of the tetrahedron are ne , uM ue 5 Yh Te 

Ex. 2. If a perpendicular HP be drawn at the centre of gravity H of any 
face=4p?/p, where p is the perpendicular from the opposite corner of the tetrahedron 


on that face, then P is a point on the principal plane corresponding to the root p of 
the cubic. 


44, Four particles of equal mass can always be found which are equimomental to 
any given solid body. 

Let O be the centre of gravity of the body, Ox, Oy, Oz the principal axes at O. 
Let the moments of inertia with regard to the coordinate planes be Ma?, M6, and 
My’. By Art. 34, the mass of each particle must be }M. Let (x, y,2) &e. (a4y424) 
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be the required coordinates of these four points. Then these twelve coordinates 
must satisfy the nine equations 
2a =4a?, Dy?=4p?, S2?=4y?, Tey=0, Dyz=0, Dee=0, Za=0, Dy=0, Dz=0. 

Now if we write x,=at,, r,=ak, &. y;=Bm, Yo=Bnq Ke. 2=yG &c. we have 
nine equations to find the twelve coordinates (£7, () &c. (47464) Which differ from 
those just written down only in having a?, 6, y? each replaced by unity. These 
modified equations express that the momental ellipsoid at O of the four particles 
must be a sphere. The equations are therefore satisfied if the four points, whose 
coordinates are represented by the Greek letters, are the corners of a regular tetra- 
hedron. (See also Art. 23, Ex. 2.) This tetrahedron may be regarded as inscribed 
in a sphere whose radius is ,/3. If we project this sphere into an ellipsoid whose 
semi-axes are a, 8, y the regular tetrahedron will be deformed into an oblique tetra- 
hedron. The corners of this oblique tetrahedron are the required equimomental 
points. 

In the same way we may prove that three particles of equal mass can always be 
found which are equimomental to any plane area. If Ma’, MW, and zero are the 
moments of inertia of the area about the principal planes at the centre of gravity, 
the result is that these particles must lie on the ellipse 6?x?+a?y?=2a?62, It also 
follows that, if one of these points, as D, be taken anywhere on this ellipse, the 
other two points, E and F’, are at the opposite extremities of that chord which is 
bisected in some point N by the produced radius DO so that ON=40D. 


45. Moments with Higher Powers. These moments are 
not often wanted in dynamics though they are useful in other 
subjects. It will therefore be sufficient to state here some general 
results and to sketch the proofs in a note at the end of this 
volume. Some generalisations will also be added. 


Let do and dv be any elementary area and volume as the case 
may be. Let z be its ordinate referred to any plane of wy. Our 
object is to find the integral f2"do or fz"dv for a triangle, quadri- 
lateral, tetrahedron, &c. 


Let the coordinates of the corners of the body be (a,y%%), 
(@2Y2%2), &e. Let Sp (42, &.) represent the sum of the different 
homogeneous products of m dimensions of as many of the 2’s as 
are included in the bracket. 

Then for a triangle of area A 

e224 
(nm +1) (n+ 2) 
For a quadrilateral of area A 

I pas heyy 
(n + 1) (n+ 2) 
where 2’ is the ordinate of the intersection of the diagonals. 

For a tetrahedron of volume V 

ies eal 4 


NO es fi 1) Gee 2) (n+ 3) Sn (21222324). 


fede = Sq (212525): 


{Sn (21222324) —28p-1 (2, 22252,)}, 


fe"dco = 
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For two tetrahedra joined together, whose united volume is V 


12-8 
fe"dv= : 

(n +1) (n+ 2) (n+ 3) 
where Z is the ordinate of the point of intersection of the common 
base with the straight line joining the two vertices. 

We notice that, except for the factor A or V representing the 


area or volume, these four expressions are functions of the ordinates 
only of the corners and are not functions of the differences of the 


abscisse. 


When the value of {z"do is known that of n {xz"~1de can be found by performing 


{Sn (4 eee 2s) — 2Sp-a (4% tee 2s)}, 


the operation 2, _ +5 & +... on the former result, The value of n(n —1) {x?z"-2do 
az, 29, 


can be found by repeating the operation and so on. 


Lastly, it may be shown that when two bodies are such that the values of {z"do 
are equal, each to each, for all planes of wy these bodies are equimomental. 


Ex. 1. If ¢(z, y, z) be a function not higher than the third degree the value of 
Jodo for any triangle can be found by using seven equivalent or equimomental 
points. We collect one-twentieth of the mass of the area at each corner, two- 
fifteenths at the middle point of each side, and the rest, viz. nine-twentieths, at the 


centre of gravity. 


Ex. 2. If ¢(«, y, 2) be not higher than the third degree the value of {[¢dv for 
a tetrahedron can be represented by eight equivalent points. We collect nine- 
fortieths of the volume at the centre of gravity of each face and one-fortieth at each 
corner. Other examples may be found in No. 83 Quarterly Journal of Mathematics, 
1886. 


46. Theory of Inversion. To explain how the theory of 
inversion can be applied to find moments of inertia. 


Let a radius vector drawn from some fixed origin O to any point P of a figure be 
produced to P’, where the rectangle OP. OP’=x?, k being some given quantity. 
Then as P travels all over the given figure, P’ traces out another which is called 
the inverse of the given figure. 

Let (2, y, z) be the coordinates of P, («’, y’, z’) those of P’; r, r’ the radii vectores, 
dv, dv’ corresponding polar elements of volume; p, p’, dm, dm’ their respective 
densities and masses. Let dw be the solid angle subtended at O by either dv 


6 6 
or dv’. Then dv! =72 dw dr’ = (£) rdwdr = (5) dv, 


’ 


: ie : m0) 
and since ee have «’? dv’ = (5) x?dv. Now dm=pdv, dm/=p'dv’. If then 
- 


K 
all the other moments and products of inertia. 


/ 10 
p r ; ae hots One 
we take —~=(-) we have Ya’2dm’=Sa?dm, with similar equalities in the case of 


When the body is an area or an arc the ratio of dv’ to dv is different. We have 
: F dv’ He \G k\? Shea 
in these cases respectively Feed be ¢ . Similar results however follow 


which may be all summed up in the following theorem. 
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Turor. I. Let any body be changed into another by inversion with regard to 
any point O. If the densities at corresponding points be denoted by p, p' and their 


n 
distances from O by r, 1’, let p'=p (3) . Then these two bodies have the same 


moments of inertia with regard to all straight lines through O. Here n=10, 8 or 6 
according as the body is a volume, an area or an are. 

It also follows that the two bodies have the same principal axes at the point O, 
and the same ellipsoids of gyration. 

We may also obtain the following theorem by the use of Kelvin’s method of 
finding the potentials of attracting bodies by Inversion. 


Tueor. I. Let any body be changed into another body by inversion with regard 
to any point O. If the densities at corresponding points P, P’ be denoted by p, p’, 


n 
and their distances from O by r, 1’, let p'=p (5) . Then the moment of inertia of 


the second body with regard to any point C’ is equal to that of the first body with 
regard to the corresponding point C multinlied by either of the equal quantities 


OG) 406" 
To prove this, consider the case in which the body is a volume. By similar 
2 
triangles CP .71’=C’P’.OC. We then find pdv (CP)? (3s) =p'dv' (C’P’)?, by pro- 
ceeding as before. This being true for every element the theorem follows at once. 


2 A Y - . 
( e ) oe Here n=8, 6 or 4 according as the body is a volume, area, or are. 


Ex. The density of a solid sphere varies inversely as the tenth power of the 
distance from an external point O. Prove that its moment of inertia about any 
straight line through O is the same as if the sphere were homogeneous and its 
density equal to that of the heterogeneous sphere at a point where the tangent from O 
meets the sphere. Prove that if the density had varied inversely as the sixth power 
of the distance from O, the masses of the two spheres would have been equal. What 
is the condition that they should have a common centre of gravity? [Math. Tripos. 


47. Centre of Pressure. If a plane lamina is immersed in 
a homogeneous fluid it is proved in treatises on hydrostatics that 
the pressures on the elements of area act normally to the plane 
and are proportional to the product of the area of the element 
by the depth below a fixed horizontal plane often called “the 
effective surface.” It easily follows from statical principles that 
the centre of these parallel forces lies in the plane of the lamina 
and is the same however the forces are turned round their points 
of application provided they remain parallel. This point is called 
in hydrostatics the centre of pressure. 

Let the intersection of the laniina with the effective surface 
be taken as the axis of x and let the axis of y be in the plane of 
the lamina, the axes being rectangular. Then by the common 
formule for the centre of parallel forces 

Product of inertia about Ox, Oy 
~ moment of the area about Ox 
Moment of inertia about Ox 
~ moment of the area about Ox’ 


oy 
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Let the given area be equimomental to particles whose masses 
are m,,m, &c. and let (a, y;), (@, y) &e. be the coordinates of 
y- Ymay y- =my? 

X<my x<my 
But these are the formule to find the centre of gravity of particles 
whose masses are proportional to m,%,, my, &c. having the same 
coordinates as before. Hence this rule, 


If any area be equimomental to a series of particles, the centre 
of pressure of the area is the centre of gravity of the same partacles 
with their masses increased in the ratio of their depths. 


For example, the centre of pressure of a triangle wholly vm- 
mersed is the centre of gravity of three weights placed at the middle 
points of the sides and each proportional to the depth of the point at 
which rt vs placed. 


In this article we confine our attention to the hydrostatical 
properties of the point, but we may notice that the coordinates 
X and Y are so useful that in dynamics also names have been 
given to them. It follows from the formule (5) of the next article 
that X is the abscissa of the principal point of the axis of x, so 
that the projection of the centre of pressure of any area on its 
intersection with the effective surface rs the principal point of that 
intersection. It will also be shown in Chap. 111. that the ordinate 
Y is equal to the distance of the centre of oscillation from the axis 
of suspension. In this way we can translate our hydrostatical 
results into dynamics, and conversely. 


these particles. Then 


Since the coordinates X, Y depend only on the ratio of the 
moments and products of inertia to the mass and on the position 
of the centre of gravity, it is clear that two equimomental areas 
have the same centre of pressure. 


Ex. 1. If p, q, r be the depths of the corners of a triangular area wholly 
immersed in a fluid, prove that the areal coordinates of its centre of pressure 
referred to the sides of the triangle itself are 4 (1+-p/s), (1+ q/s), $ (1+7/s), where 
S=p+qtr. 

This may be proved by replacing the triangle by three weights situated at the 
middle points of the sides proportional to their depths, and taking moments about 
the sides in succession to find their centre of gravity. 


Ex. 2, Let any vertical area be referred to Cartesian rectangular axes Ox, Oy, 
with the origin at the centre of gravity. Let the depth of the centre of gravity 
be h, and let the intersection of the area with the surface of the fluid make an 
angle @ with the axis of 2, and let this intersection in the standard case cut the 
positive side of the axis of y. Let A, B and F be the moments and product of 
inertia of the area about the axes, Then by taking moments about Oz, Oy we see 
that the coordinates of the centre of pressure are 
_ Bsin 6— Fos 6 y F sin @-— A cos@ 


as ha 2 ha 2 


where a is the area. 
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Ex. 3. If the area turn round its centre of gravity in its own plane the locus 
of its centre of pressure in the area is an ellipse and in space is a circle, The 
ellipse has its principal diameters coincident in direction with the principal axes 
of the area at the centre of gravity. The circle has its centre in the vertical through 
the centre of gravity. 

Ex. 4. Ina heterogeneous fluid the pressure at any point P referred to a unit 
of area is given by p=a+ bz” where zis the depth of P. Prove that the depth of 


the centre of pressure of any triangular area wholly immersed at any inclination 
: - 4H,+bH, 1, : : ; : 
; —i___ et | hwwh 
to the horizon is Pci aS e le where H,, is the arithmetic mean of the different 
homogeneous products of m dimensions of the depths z,, 2), 23 of the three corners 
of the triangle. 

Ex. 5. In rotating fluids the pressure at any point Pis given by p=a+bz+cr?, 
where r is the distance of P from the axis of z which is vertical. Show that the 
pressure on any part of the area of the containing vessel is given by 

(1) whole pressure = {(a+ bz + cr?) do = (a+ b2) o + cok?, 
where o is the area of the part pressed, 7 the depth of its centre of gravity, and ok® 
the moment of inertia about the axis of z. 


(2) Vertical pressure = {{(a+bz+ cr?) dxdy=aP+bV+cPk?, 
where P is the projection of o on the plane of zy, V the volume between o and its 
projection and Pk’? the moment of inertia of the projection P about the axis of z. 
It is evident that in all these cases the values of the integrals can in general be 
written down by the rules given in this chapter; so that actual integrations are for 
the most part unnecessary. 

48. The Principal Axes of a system. A straight line 
being given rt 1s required to find at what point in tts length it is a 
principal axis of the system, and if any such point exist to find the 
other two principal axes at that point. This point may be con- 
veniently called the principal point of the straight line. 

Take the straight line as axis of z, and any point O in it as 
origin. Let C be the point at which it is a principal axis, and let 
Cz’, Cy’ be the other two principal axes. 


Let CO =h, 0=angle between Cx’ and Ox. Then 
“= xceosé+ysin# 
y =— «sin 0+ ycos 0 
g=z—-h 
Hence Sma'z' = cos OXmaxz + sin OXmyz 
—h (cos @Xmex + sin nee a 
Smy'z’ = — sin OXmxz + cos cone ~ 
—h(—sin 02ma + cos OXmy)) — 


=ma'y’ = Xm (y? — 2°) ues may COs 20'== Ov. 7. 22.4.5: (3). 


The last equation shows that 

2Qymay _ 2F A 
SH (@ = yp) eae eee ( i; 
according to the previous notation. ' 


tan 20 = 


R. D. 3 
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The equations (1) and (2) must be satisfied by the same value 
of h. Eliminating h we get Xmaz=Xmy = XmyzSmax as the con- 
dition that the axis of z should be a principal axis at some point 
in its length. Substituting in (1) we have 

Xmyz Zmxez 
i= Sng Sie (5). 

The equation (5) expresses the condition that the aais of 2 
should be a principal aais at some point in its length; and the 
value of h gives the position of this pornt. 

If Smaz=0 and Xmyz=0, the equations (1) and (2) are 
both satisfied by h=0. These are therefore the sufficient and 
necessary conditions that the axis of z should be a principal axis 
at the origin. 

If the system be a plane lamina and the axis of z be a normal 
to the plane at any point, we have z=0. Hence the conditions 
XSmaz=0 and Xmyz=0 are satisfied. Therefore one of the 
principal axes at any point of a plane lamina is a normal to the 
plane at that point. 

In the case of a surface of revolution bounded by planes 
perpendicular to the axis, the axis is a principal axis at any 
point of its length. 

Again, equation (4) enables us, when one principal amis is 
given, to find the other two. If =a be the first value of @, all 
the others are included in 0=a+4nz; hence all these values give 
only the same axes over again. 


49. Since (4) does not contain h, it appears that if the axis 
of z be a principal axis at more than one point, the principal axes 
at those points are parallel. Again, in that case (5) must be 
satisfied by more than one value of h. But, since h enters only 
in the first power, this cannot be unless 

lma=0, Smy=0, Smez=0, Bmyz=0; 
so that the axis must pass through the centre of gravity and be 
a principal axis at the origin, and therefore (since the origin is 
arbitrary) a principal axis at every point in its length. 

If the principal axes at the centre of gravity be taken as the 
axes of x, y, z, (1) and (2) are satisfied for all values of h. Hence, 
if a straight line be a principal axis at the centre of gravity, it is 
a principal axis at every point in its length. 

If the given straight line is parallel to a principal axis at the 
centre of gravity G, it is easy to see that the given line is a 
principal axis at the projection of G@ on itself. For let the origin 
O be taken at the projection, and let GE, Gn, GE be a parallel 
system of axes, then since Xm£f, Xmné and Zz are zero, it follows 
from Art. 13 that Ymaz and Ymyz are also zero. 


50. Let the system be projected on a plane perpendicular to 
the given straight line, so that the ratios of the elements of mass 
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to each other are unaltered. The given straight line, which has 
been taken as the axis of z, cuts this plane in O, and will be a 
principal axis of the projection at O, because, the projected system 
being a plane lamina, the conditions Smaz = 0, =myz =0 are both 
satisfied. Since z does not appear in equation (4), it follows that, 
if the given straight line be a principal axis at some point C in 
its length, the other two principal axes at C will be parallel to 
the principal axes of the projected system at O. These last may 
often be conveniently found by the next proposition. 


51. Ex.1, The principal axes of a right-angled triangle at the right angle 
are, one perpendicular to the plane and two others inclined to its sides at the 


prclee ane! na , where a and b are the sides of the triangle adjacent to the 
a2 =3 b2 


2 
right angle, 
2 2 
We have tan Pe Art. 48, and by Art. 35, A=MG, Bam, Pau S. 


Ex. 2. The principal axes of a quadrant of an ellipse at the centre are, one 

perpendicular to the plane and two others inclined to the principal diameters at the 
1 _,4 ab 
angles 5 tan7! es 

Ex. 3. The principal axes of a cube at any point P are, the straight line 
joining P to O the centre of gravity of the cube, and any two straight lines at P 
perpendicular to PO, and perpendicular to each other. 

Ex. 4. Prove that the locus of a point P at which one of the principal axes is 
parallel to a given straight line is a rectangular hyperbola in the plane of which the 
centre of gravity of the body lies, and one of whose asymptotes is parallel to the 
given straight line. But if the given straight line be parallel to one of the principal 
axes at the centre of gravity, the locus of P is that principal axis or the perpen- 
dicular principal plane. 

Take the origin at the centre of gravity, and one axis of coordinates parallel 
to the given straight line. 

Ex. 5, The principal point of any side AB of a triangular area ABC bisects 
the distance between the middle point of that side and the foot of the perpendicular 
from the opposite corner on the side. 


Ex. 6. An edge of a tetrahedron will be a principal axis at some point in its 
length only when it is perpendicular to the opposite edge. [Jullien. 

Conversely, if this condition be satisfied, the edge will be a principal axis at 
a point C, such that OC=20N, where N is the middle point of the edge and O is 
the foot of the perpendicular distance between it and the opposite edge. 

Ex. 7. The axes Ox, Oy are so placed that the product of inertia F or Zmay 
is zero. If A and Bare the moments of inertia about these axes, prove that the 
product of inertia about two perpendicular axes Ox’, Oy’ in the plane zy is 

F’ =} (4 -B) sin 20, 
where 6 is the angle xOxz’ measured in the positive direction from Oz. 


where a and b are the semi-axes of the ellipse. 


52. Foci of Inertia. (Given the positions of the principal 
axes Ox, Oy, Oz at the centre of gravity O, and the moments of 
inertia about them, to find the positions of the principal axes at any 
point P in the plane of xy, and the moments of inertia about them. 

Peak 
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Let the mass of the body be M, and let A, B be the moments 
of inertia about the axes Oz, Oy, of which we shall suppose A the 
greater. Let S, H be two points in the axis of greatest moment, 


—B 
one on each side of the origin so that OS=OH= Ried 
These may be called the foci of inertia for that principal plane. 


Because these points are in one of the principal axes at the 
centre of gravity, the principal axes at S and H are parallel to the 
axes of coordinates, and the moments of inertia about those in 
the plane of wy are respectively A and B+M.OS?=A. These 
being equal, any straight line through S or H in the plane of ay 
is a principal axis at that point, and the moment of inertia about 
it is equal to A. See Arts. 16 and 23. 


If P be any point in the plane of wy, then one of the principal 
axes at P will be perpendicular to the plane zy. For, if p, g be 
the coordinates of P, the conditions that this line should be a 
principal axis are Xm (#—-p)z=0, Bn(y—q)2z=0, 


which are obviously satisfied, because the centre of gravity is the 
origin, and the principal axes the axes, of coordinates. 


The other two principal axes may be found thus. If two 
straight lines meeting 
at a point Pbe such that 
the moments of inertia 
about them are equal, 
then, provided they are 
in a principal plane, the 
principal axes at P bi- 
_ sect the angles between 
T these two straight lines. 

For, if with centre P 

we describe the mo- 
ae, mental ellipse, the axes 
of this ellipse bisect the angles between any two equal radii 
vectores. 


Join SP and HP; the moments of inertia about SP, HP are 
each equal to A. Hence, if PG and PT are the internal and 
external bisectors of the angle SPH, PG, PT are the principal 
axes at P. If therefore with S and H as foci we describe any 
ellipse or hyperbola, the tangent and normal at any point are the 
principal axes at that point. 


53, Take any straight line MN through the origin, making an angle @ with 
the axis of z. Draw SM, HN perpendiculars on MN. The moment of inertia 
about MN is = 4 cos? 6+ Bsin?@= A — (A —B) sin? ¢ 

=A-M.(OSsin 6)?=4A—-M, SM?. 
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Through P draw PT parallel to MN, and let SY and HZ be the perpendiculars 
from S and H on it. The moment of inertia about PT is then 
=moment about MN+M.MY? 
=A+M(MY-SM) (MY+SM) 
=A+M.SY.HZ. 
In the same way it may be proved that the moment of inertia about a line PG 
passing between H and S is less than A by the mass into the product of the perpen- 
diculars from § and H on PG. 
If therefore with 8 and H as foci we describe any ellipse or hyperbola, the moment 
of inertia about any tangent to either of these curves is constant. 
It follows from this that the moments of inertia about the principal axes at P 
are equal to B+4M (SP+ HP)? 
For if a and 6 be the axes of the ellipse we have a?-—b?=0S?=(4 — B)/M, 
and hence 
A+M.SY.HZ=A+MU?=B+ Ma?=B+4M (SP+ HP), 
and the hyperbola may be treated in a similar manner. 


54, This reasoning may be extended to points lying in any given plane passing 
through the centre of gravity O of the body. Let Oz, Oy be the axes in the given 
plane such that the product of inertia about them is zero (Art. 23). Construct the 
points S and H as before, so that OS? and OH? are each equal to the difference of 
the moments of inertia about Ox and Oy divided by the mass. Draw Sy’ a parallel 
through 8 to the axis of y, the product of inertia about Sz, Sy’ is equal to that 
about Ox, Oy together with the product of inertia of the whole mass collected 
at O. Both these are zero, hence the section of the momental ellipsoid at S is a 
circle, and the moment of inertia about every straight line through S in the plane 
xOy is the same and equal to that about Ox. We can then show that the moments 
of inertia about PH and PS are equal; so that PG, PT, the internal and external 
bisectors of the angle SPH, are the principal diameters of the section of the mo- 
mental ellipsoid at P by the given plane. And it also follows that the moments of 
inertia about the tangents to a conic whose foci are S and H are the same. 


55. Ex.1. To find the foci of inertia of an elliptic area. The moments of 
inertia about the major and minor axes are Mb? and 4Ma*. Hence the minor axis 
is the axis of greatest moment. The foci of inertia therefore lie in the minor axis 
at a distance from the centre=},/a?-— 0*, i.e. half the distance of the geometrical 
foci from the centre. 


Ex. 2. Two particles each of mass m are placed at the extremities of the minor 
axis of an elliptic area of mass M. Prove that the principal axes at any point of 
the circumference of the ellipse will be the tangent and normal to the ellipse, 

: Ge 
provided that M78 1i228' 

Ex. 3. At the points which have been called foci of inertia two of the principal 
moments are equal. Show that it is not in general true that a point exists such 
that the moments of inertia about all axes through it are the same, and find the 
conditions that there may be such a point. Such points when they exist in a solid 
body may be cailed the spherical points of inertia of that solid. 

Refer the body to the principal axes at the centre of gravity. Let P be the point 
required, (x, y, 2) its coordinates. Since the momental ellipsoid at P is to be a 
sphere, the products of inertia about all rectangular axes meeting at P are zero. 
Hence, by Art. 13, zy=0, yz=0, za=0. It follows that two of the three 2; y, z 
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must be zero, so that the point must be on one of the principal axes at the centre 
of gravity. Let this be called the axis of z. Since the moments of inertia about 
three axes at P parallel to the coordinate axes are A+Mz*, B+ Mz and C, we see 
that these cannot be equal unless A=B and each is less than C. There are then 
two points on the axis of unequal moment which are equimomental for all axes. 
[Poisson and Binet. 


Ex. 4. The spherical points of a hemispherical surface are the centre and a 
point on the surface. Find also the spherical points of a solid hemisphere. 

By Art. 5, Ex. 8, the moments of inertia about every axis through the centre are 
the same. Hence the centre is one spherical point. Since the centre of gravity 
bisects the distance between the points the position of the other follows at once. 


56. Arrangement of Principal Axes. (fiven the positions 
of the principal axes at the centre of gravity O and the moments 
of inertia about them, to find the positions of the principal ames* 
and the principal moments at any other point P. 


Let the body be referred to its principal axes at the centre of 
gravity O, let A, B, C be its principal moments, the mass of the 
body being taken as unity. Construct a quadric confocal with 
the ellipsoid of gyration, and let the squares of its semi-axes be 
@=A+rA, P=|B+A, @=C+X. Let us find the moment of 
inertia with regard to any tangent plane. 

Let (a, 8, y) be the direction angles of the perpendicular to any 
tangent plane. The moment of inertia, with regard to a parallel 
plane through O, is $(4 + B+C)-—(A cos? a+ B cos? 8 + C cos? y). 
The moment of inertia, with regard to the tangent plane, is found 
by adding the square of the perpendicular distance between the 
planes, viz. (A +2) cos?a+ (B+) cos?8+(C+2)cos*y. We get 


moment of inertia with 
regard to a tangent ee =4(A4+B4+0C0)+2r 
=3(B+C-—A)+@. 


Thus the moments of inertia with regard to all tangent planes to 
any one quadric confocal with the ellipsoid of gyration are the same. 

These planes are all principal planes at the point of contact. 
For draw any plane through the point of contact P, then in the 
case in which the confocal is an ellipsoid, the tangent plane 
parallel to this plane is more remote from the origin than this 
plane. Therefore, the moment of inertia with regard to any plane 
through P is less than the moment of inertia with regard to a 
tangent plane to the confocal ellipsoid through P. That is, the 
tangent plane to the ellipsoid is the principal plane of greatest 
moment. In the same way the tangent plane to the confocal 

* Some of the following theorems were given by Lord Kelvin and Mr Townsend, 
in two articles which appeared at the same time in the Mathematical Journal, 1846. 
Their demonstrations are different from those given in this treatise. The theorem 
that the principal axes at P are normals to the three confocals is now ascribed in 


Thomson and Tait’s Treatise on Natural Philosophy to Binet, Journal de 0 Ecole 
Polytechnique, 1811, 


ART. 59] POSITIONS OF THE PRINCIPAL AXES OF A SYSTEM 39 


hyperboloid of two sheets through P is the principal plane of 
least moment. It follows that the tangent plane to the confocal 
hyperboloid of one sheet is the principal plane of mean moment. 


Through a given point P, three confocals can be drawn, and the 
normals to these confocals are the principal axes at P. By Art. 5, 
Lx. 3, the principal axis of least moment ts normal to the confocal 
ellipsoid and that of greatest moment normal to the confocal hyper- 
boloid of two sheets. 


57. The moment of inertia with regard to the point P is, 
by Art. 14,4(4+B+C)+ OP? Hence, by Art. 5, Ex. 3, the 
moments of inertia about the normals to the three confocals 
through P whose parameters are 4, A», As are respectively 


OP?—r, OP?-r., OP?—-)d,;. 


58. If we describe any other confocal and draw a tangent cone 
to it whose vertex is P, the axes of this cone are known to be the 
normals to three confocals through P. This gives another con- 
struction for the principal axes at P. 


If the confocal diminish without limit, until it becomes a focal 
conic, we see that the principal axes of the system at P are the 
principal diameters of a cone whose vertex is P and base a focal 
conic of the ellipsoid of gyration at the centre of gravity. 

Ex. Prove that the moment of inertia about any generator of the cone, vertex 
P, reciprocal to the tangent cone drawn from P to the ellipsoid of gyration is the 
same. [Math. Tripos, 1895. 


59. If we wish to use only one quadric, we may consider the 
confocal ellipsoid through P. We know* that the normals to the 
other two confocals are tangents to the lines of curvature on the 
ellipsoid, and are also parallel to the principal diameters of the 
diametral section made by a plane parallel to the tangent plane at 
P. And if D,, D,be these principal semi-diameters, we know that 


Ss = Ay — Dd, V3 = ry = D2. 
Hence, if through any point P we describe the quadric 
eee eee 
A+rX Br C+r— 
the axes of coordinates being the principal axes at the centre 
of gravity, then the principal axes at P are the normal to this 
quadric, and parallels to the axes of the diametral section made 
by a plane parallel to the tangent plane at P. And if these axes 

are 2D, and 2D,, the principal moments at P are 
OP? —r, OP? —r7+D2, OP?-r+ Dy. 

* A geometrical proof of the propositions required for this article was given in 
the former editions, but these results are now too well known to render this necessary. 


1, 
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Ex. Iftwo bodies have the same centre of gravity, the same principal axes at 
the centre of gravity and the differences of their principal moments equal, each to 
each, then these bodies have the same principal axes at all points. 


60. Condition that a line should be a principal axis. 
The awes of coordinates being the principal axes at the centre of 
gravity it 1s required to express the condition that any given straight 
line may be a principal aris at some point in its length and to find 
that point. Let the equations of the given straight line be 


lee PO Fo] ihc (1), 


i a Ties 
then it must be a normal to some quadric 

xe Oe Z = l 2 

Han TS EN ERR rhea (2) 


at the point at which the straight line is a principal axis. 


Hence comparing the equation of the normal to (2) with (1), we 
your a2U50 = aces = . 3 . 
Warne Boon PGT Grey BO are (3) 


These six equations must be satisfied by the same values of a, y, z, 
rand w. Substituting for x, y, z from (3) in (1), we get 


have 


h 
Au —f = Bu - J = Op - 


m n- 


Equating the values of w given by these equations we have 


Tie Bo eee es 
i ty us 


i WD @ 7 


This clearly amounts to only one equation, and is the required 
condition that the straight line should be a principal axis at some 
point in its length. 


Substituting for x, y, z from (3) in (2), we have 
N(P +m? +n?) = o -(AP + Bm? + Cn’), 
fed 


which gives one value only to X. The values of A and uw having 
been found, equations (3) will determine a, y, z the coordinates of 
the point at which the straight line is a principal axis. 


The geometrical meaning of this condition may be found by the following 
considerations, which were given by Townsend in the Mathematical Journal. The 
normal and tangent plane at every point of a quadric will meet any principal 
plane in a point and a straight line, which are pole and polar with regard to the 
focal conic in that plane. Hence, to find whether any assumed straight line is 
a principal axis or not, draw any plane perpendicular to the straight line and 
produce both the straight line and the plane to meet any principal plane at the 
centre of gravity. If the line of intersection of the plane be parallel to the polar 
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line of the point of intersection of the straight line with respect to the focal conic, 
the straight line will be a principal axis, if otherwise it will not be so. And the 
point at which it is a principal axis may be found by drawing a plane through the 
polar line perpendicular to the straight line. The point of intersection is the 
required point. 

The analytical condition (4) exactly expresses the fact that the polar line is 
parallel to the intersection of the plane. 


61. Ex, 1. Show that the straight line a(x —a)=b (y —b) =c (z-c) is at some 
point in its length a principal axis of an ellipsoid whose semi-axes are a, b, ¢. 


Ex. 2. Show that any straight line drawn on a lamina is a principal axis of 
that lamina at some point. Where is this point if the straight line pass through 
the centre of gravity ? 


Ex. 3. Given a plane fe+gy+hz—1=0, there is always some point in it at 
which it is a principal plane. Also this point is its intersection with the straight 
line «/f—A=y/g-B=z/h—-C. 


Ex.4. Let two points P, Q be so situated that a principal axis at P intersects a 
principal axis at Q. Then if two planes be drawn at P and Q perpendicular to 
these principal axes, their intersection will be a principal axis at the point where it 
is cut by the plane containing the principal axes at P and Q. [ Townsend. 

For let the principal axes at P, Q meet any principal plane at the centre of 
gravity in p, g, and let the perpendicular planes cut the same principal plane in 
LN, MN. Also let the perpendicular planes intersect each other in RN.. Then 
RN is perpendicular to the plane containing the points P, Q, p,q. Also since the 
polars of p and q are LN, MN, it follows that pq is the polar of the point N. Hence 
the straight line RN satisfies the criterion of the last article. 


Ex. 5. If P be any point in a principal plane at the centre of gravity, then 
every axis which passes through P, and is a principal axis at some point, lies in one 
of two perpendicular planes. One of these planes is the principal plane at the 
centre of gravity, and the other is a plane perpendicular to the polar line of P with 
regard to the focal conic. Also the locus of all the points Q at which QP is a prin- 
cipal axis is a circle passing through P and having its centre in the principal plane. 

[ Townsend. 


Ex. 6. The edge of regression of the developable surface which is the envelope 
of the normal planes of any line of curvature drawn on a confocal quadric is a 
curve such that all its tangents are principal axes at some point in each. 


62. Locus of equal Moments. 70 find the locus of the 
points at which two principal moments of inertia are equal to each 
other. 

The principal moments at any point P are 

I,= OP? —n, I,= OP? -—2+4+ D?, L.= OP2— XD 


If we equate J, and J, we have D,=0, and the point P must 
lie on the elliptic focal conic of the ellipsoid of gyration. 


If we equate J, and J; we have D,=D,, So that P is an 
umbilicus of any ellipsoid confocal with the ellipsoid of gyration. 
The locus of these umbilici is the hyperbolic focal conic. 
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In the first of these cases we have X=— C,, and D, is the semi- 
diameter of the focal conic conjugate to OP. Hence D?+O0P?= 
sum of squares of semi-axes=.A — 0+ B-—C. The three principal 
moments are therefore J,= 7, = OP?+C, I, = A+ B—(O, and the 
axis of unequal moment is a tangent to the focal conic. 


The second case may be treated in the same way by using 
a confocal hyperboloid, we therefore have J,=/,=OP?+ Bb, 
I,=A+C—B, and the axis of unequal moment is a tangent 
to the focal conic. 


These results follow also by combining Arts. 57 and 58. The cone which 
envelopes the ellipsoid of gyration and has its vertex at P must by these articles be 
a right cone if two principal moments at P are equal. But we know from solid 
geometry that this only happens when the vertex lies on a focal conic, and the un- 
equal axis is then a tangent to that conic. 


63. To find the curves on any confocal quadric at which a principal moment of 
inertia is equal to a given quantity I. 

Firstly. The moment of inertia about a normal to a confocal quadric is. 
OP?—. If this be constant, we have OP constant, and therefore the required 
curve is the intersection of that quadric with a concentric sphere. Such a curve is. 
a sphero-conic, 


Secondly. Let us consider those points at which the moment of inertia about a. 
tangent is constant. 


Construct any two confocals whose semi-major axes are a and a’. Draw any 
two tangent planes to these which cut each other at right angles. The moment of 
inertia about their intersection is the sum of the moments of inertia with regard to 
the two planes, and is therefore B+C-—A+a?+a’2. Thus the moments of inertia 
about the intersections of perpendicular tangent planes to the same confocals are equal 
to each other. 


Let a, a’, a’ be the semi-major axes of the three confocals which meet at any 
point P, then since confocals cut at right angles the moment of inertia about a 
tangent to the intersection of the confocals a’, a” is L=B+C-A+a’?+a’’2, 

The intersection of these two confocals is a line of curvature on either. Hence 
the moments of inertia about the tangents to any line of curvature are equal to one 
another ; and these tangents are principal axes at the point of contact. 

On the quadric a draw a tangent PT making angles ¢ and 47—¢ with the 
tangents to the lines of curvature at the point of contact P. If I,, I, be the 
moments about the tangents to these lines of curvature, the moment of inertia 
about the tangent PT’ =I, cos? ¢ +13 sin? 


=B+C-—A+(a’’*+a?) cos? ?+(a2+a/%) sin? ¢. 
But, along a geodesic on the quadric a, a’? sin? ¢+a’’2 cos? @ is constant. Hence the 


moments of inertia about the tangents to any geodesic on the quadric are equal to 
each other. 


64, Hx. 1. If a straight line touch any two confocals whose semi-major axes 
are a, a’, the moment of inertia about it is B+ C-A+a?+a’?. 


Ex. 2, When a body is referred to its principal axes at the centre of gravity, 
show how to find the coordinates of the point P at which the three principal 
moments are equal to the three given quantities I,, Iz, Is. {Jullien’s Problem. 
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The elliptic coordinates of P are evidently a2=4 (Ip +I,-Iy-B-C+4A), &¢.; 
and the coordinates (, y, z) may then be found by Salmon’s formule, 
a2q'2q//2 
= 
a Gena. ce 
Ex. 3. Let two planes at right angles touch two confocals whose semi-major 
axes are a, a’; and let a, a’ be the values of a, a’ for confocals touching the inter- 
section of the planes; then a?+a’2=a?+a’2, and the product of inertia with regard 
to the two planes is (aa’2— aza’2)3, 


65. Equimomental Surface. The locus of all those points at which one of 
the principal moments of inertia of the body is equal to a given quantity is called 
an equimomental surface. 


To find the equation to such a surface we have only to put J, constant, this 
gives \=7r?-—JI. Substituting in the equation of the confocal quadric, the equation 
of the surface becomes 

a y? 22 
vt+y?+24+A-I Hf e+y2+ 24+ B-1 e+y+e+O-1~ 


Through any point P on an equimomental surface describe a confocal quadric 
such that the principal axis is a tangent to a line of curvature on the quadric. By 
Art. 63, one of the intersections of the equimomental surface and this quadric is the 
line of curvature. Hence the principal axis at P about which the moment of inertia 
is I is a tangent to the equimomental surface. 


Again, construct the confocal quadric through P such that the principal axis is 
a normal at P, then one of the intersections of the momental surface and this 
quadric is the sphero-conic through P. The normal to the quadric, being the 
principal axis, has just been shown to be a tangent to the surface. Hence the 
tangent plane to the equimomental surface is the plane which contains the normal 
to the quadric and the tangent to the sphero-conic. 


To draw a perpendicular from the centre O on this tangent plane we may follow 
Euclid’s rule. Take PP’ a tangent to the sphero-conic, drop a perpendicular from 
O on PP’, this is the radius vector OP, because PP’ is a tangent to the sphere. At 
P in the tangent plane draw a perpendicular to PP’, this is the normal PQ to the 
quadric. From O drop a perpendicular OQ on this normal, then OQ is a normal to 
the tangent plane. Hence this construction : 


If P be any point on an equimomental surface whose parameter is I, and OQ 
a perpendicular from the centre on the tangent plane, then PQ is the principal 
axis at P about which the moment of inertia is I. 


The equimomental surface becomes Fresnel’s wave surface when I is greater 
than the greatest principal moment of inertia at the centre of gravity. The general 
form of the surface is too well known to need a minute discussion here. It consists 
of two sheets, which become a concentric sphere and a spheroid when two of the 
principal moments at the centre of gravity are equal. When the principal moments 
are unequal, there are two singularities in the surface. 


(1) The two sheets meet at a point P in the plane of the greatest and least 
moments. At P there is a tangent cone to the surface. Draw any tangent plane 
to this cone, and let OQ be a perpendicular from the centre of gravity O on this 
tangent plane. Then PQ is a principal axis at P. Thus there are an infinite 
number of principal axes at P because an infinite number of tangent planes can be 
drawn to the cone. But at any given point there cannot be more than three 
principal axes unless two of the principal axes be equal, and then the locus of the 
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principal axes is a plane. Hence the point P is situated on a focal conic, and the 
locus of all the lines PQ is a normal plane to the conic. The point Q lies on 
a sphere whose diameter is OP, hence the locus of Q is a circle. 


(2) The two sheets have a common tangent plane which touches the surface 
along a curve. ‘This curve is a circle whose plane is perpendicular to the plane of 
greatest and least moments. Let OP’ be a perpendicular from O on the plane 
of the circle, then P’ is a point on the circle. If R be any other point on the circle 
the principal axis at Ris RP’. Thus there is a circular ring of points, at each of 
which the principal axis passes through the same point, and the moments of inertia 
about these principal axes are all equal. 

The equation to the equimomental surface may also be used for the purpose 
of finding the three principal moments at any point whose coordinates (#, y, z) are 
given. If we clear the equation of fractions, we have to determine J a cubic whose 
roots are the three principal moments. 

Thus let it be required to find the locus of all those points at which any 
symmetrical function of the three principal moments is equal to a given quantity. 
We may express this symmetrical function in terms of the coefficients of the cubic 
by the usual rules, and the equation of the locus is found. 


Ex. 1. If an equimomental surface cut a quadric confocal with the ellipsoid 
of gyration at the centre of gravity, then the intersections are a sphero-conic and a 
line of curvature. But, if the quadric be an ellipsoid, these cannot be both real. 


For if the surface cut the ellipsoid in both, let P be a point on the line of curva- 
ture, and P’ a point on the sphero-conic, then by Art. 59, OP?+ D,?=OP’2, which 
is less than 4+). But OP?+D)?+D"=A+B+C+3h, therefore D,?>B+C+2n, 
which is >4+2\. Hence D, > the greatest radius vector of the ellipsoid, which 
is impossible. 

Ex, 2, Find the locus of all those points in a body at which 

(1) the sum of the principal moments is equal to a given quantity JI, 


(2) the sum of the products of the principal moments taken two and two 
together is equal to Z?, (3) the product of the principal moments is equal to I*. 


The results are (1) by Art. 13, a sphere whose radius is {({— 4 —- B- C)/M 33, 
(2) by Art. 65, the surface 

(uc? +y? +27)? + (4+ B+ C) (2?+y? +2?) + Aa? + By? + C2?4+ AB+BC+CA=I?, 
(3) the surface A’B'C’ — A'y?z? — B’z?x? — C’a?y? — 2a2y222 = 3, 


where 4’= 4 +y?+2", with similar expressions for B’, C’. 


CHAPTER II 


D’ALEMBERT’S PRINCIPLE, ETC. 


66. THE principles, by which the motion of a single particle 
under the action of given forces can be determined, will be found 
discussed in any treatise on dynamics of a particle. These prin- 
ciples are called the three laws of motion. It is shown that if 
(a, y, 2) be the coordinates of the particle at any time ¢ referred 
to three rectangular axes fixed in space, m its mass, X, Y, Z the 
forces resolved parallel to the axes, the motion may be found by 
solving the simultaneous equations, 


eee WY Hy miea 


If we regard a rigid body as a collection of material particles 
connected by invariable relations, we may write down the equa- 
tions of the several particles in accordance with the principles just 
stated. The forces on each particle are however no longer known, 
some of them being due to the mutual actions of the particles. 


We assume (1) that the action between two particles is along 
the line which joins them, (2) that the action and reaction between 
any two are equal and opposite. Suppose there are n particles, 
then there will be 3n equations, and, as shown in any treatise 
on statics, 3n — 6 unknown reactions. To find the motion it will 
be necessary to eliminate these unknown quantities. We shall 
thus obtain six resulting equations, and these will be shown, 
a little further on, to be sufficient to determine the motion of 
the body. 


When there are several rigid bodies which mutually act and 
react on each other the problem becomes still more complicated. 
But it is unnecessary for us to consider in detail either this or the 
preceding case, for D’Alembert has proposed a method by which 
all the necessary equations may be obtained without writing down 
the equations of motion of the several particles, and without 
making any assumption as to the nature of the mutual actions 
except the following, which may be regarded as a natural conse- 
quence of the laws of motion : 


The internal actions and reactions of any system of rigid bodies 
in motion are in equilibrium amongst themselves. 
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67. To explain D’ Alembert’s principle. 


In the application of this principle it will be convenient to 
use the term effective force, which may be defined as follows. 


When a particle is moving as part of a rigid body, it is acted 
on by the external impressed forces and also by the molecular 
reactions of the other particles. If we consider this particle to 
be separated from the rest of the body, and all these forces re- 
moved, there is some one force which, under the same initial 
conditions, would make it move in the same way as_ before. 
This force is called the effective force on the particle. It is 
evidently the resultant of the impressed and molecular forces 
on the particle. 


Let m be the mass of the particle, (x, y, Z) its coordinates 
referred to any fixed rectangular axes at the time t. The accele- 
ae ey id) ee Tee nee 
de? de? dt?” 
resultant of these, then, as explained in dynamics of a particle, 
the effective force is measured by m/f. 

Let F’ be the resultant of the impressed forces, & the resultant 
of the molecular forces on the particle. Then m/f is the resultant 
of Fand R. Hence if mf be reversed, the three #’, R and m/f are 


in equilibrium. 


rations of the particle are 


We may apply the same reasoning to every particle of each 
body of the system. We thus have a group of forces similar to R, 
a group similar to #’, and a group similar to mf, the three groups 
forming a system of forces in equilibrium. Now by D’Alembert’s 
principle the group # will itself form a system of forces in equili- 
brium. Whence it follows that the group #’ will be in equilibrium 
with the group mf. Hence 


If forces equal to the effective forces but acting in exactly opposite 
directions were applied at each point of the system these would be in 
equilibrium with the impressed forces. 

By this principle the solution of a dynamical problem is 
reduced to that of a problem in statics. The process is as 
follows. We first choose some quantities by means of which the 
position of the system in space may be determined. We then 
express the effective forces on each element in terms of these 
quantities. These, when reversed, will be in equilibrium with the 
given impressed forces. Lastly, the equations of motion for each 
body may be formed, as is usually done in statics, by resolving in 
three directions and taking moments about three straight lines. 


68. Before the publication of D’Alembert’s principle a vast number of dynamical 
problems had been solved. These may be found scattered through the early 
volumes of the Memoirs of St Petersburg, Berlin and Paris, in the works of 
John Bernoulli and the Opuscula of Euler. They require for the most part the 
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determination of the motions of several bodies with or without weight which push 
or pull each other by means of threads or levers to which they are fastened or along 
which they can glide, and which having a certain impulse given them at first are 
then left to themselves or are compelled to move in given lines or surfaces. 


The postulate of Huyghens, “ that if any weights are put in motion by the force 
of gravity they cannot move so that the centre of gravity of them all shall rise 
higher than the place from which it descended,” was generally one of the principles 
of the solution: but other principles were always needed in addition to this, and 
it required the exercise of ingenuity and skill to detect the most suitable in each 
case. Such problems were for some time a sort of trial of strengtl: among mathe- 
maticians. The Traité de dynamique published by D’Alembevi in 1743 put an end 
to this kind of challenge by supplying a direct and general method of resolving, or 
at least throwing into equations, any imaginable problem. The mechanical diffi- 
culties were in this way reduced to difficulties of pure mathematics. See Montucla, 
Vol. 111. page 615, or Whewell’s version in his History of the Inductive Sciences. 

D’Alembert uses the following words :—‘“ Soient A, B, C, &c. les corps qui com- 
posent le systéme, et supposons qu’on leur ait imprimé les mouvemens, a, b, c, &e. 
quwils soient forcés, 4 cause de leur action mutuelle, de changer dans les mouvemens 
a, b,c, &c. Il est clair qu’on peut regarder le mouvement a imprimé au corps A 
comme composé du mouvement a, qu’il a pris, et d’un autre mouvement a; qu’on 
peut de méme regarder les mouvemens J, c, &c. comme composés des mouvemens 
b, B; ¢, y; &e-, d’ou il s’ensuit que le mouvement des corps 4, B, C, &c. entr’eux 
auroit été le méme, si au lieu de leur donner les impulsions a, b, c, on leur efit 
donné 4-la-fois les doubles impulsions a, a; b, 8; &c. Or par la supposition les 
corps A, B, C, &c. ont pris d’eux-mémes les mouvemens a, b, c, &c. done les mouve- 
mens a, 8, y, &c. doivent étre tels qu’ils ne dérangent rien dans les mouvemens 
a, b, c, &c. c’est-a-dire que si les corps n’avoient regu que les mouvemens a, 8, y, 
&c. ces mouvemens auroient di se détruire mutuellement, et le systeme demeurer 
en repos. De la résulte le principe suivant pour trouver le mouvement de plusieurs 
corps qui agissent les uns sur les autres. Décomposez les mouvemens a, b, c, &c. 
imprimés 4 chaque corps, chacun en deux autres a, a; b, 8; ¢, y; &c. qui soient 
tels que si l’on n’efit imprimé aux corps que les mouvemens a, b, c, &c. ils eussent 
pu conserver les mouvemens sans se nuire réciproquement ; et que si on ne leur etit 
imprimé que les mouvemens a, 8, y, &¢. le systéme fit demeuré en repos; il est 
clair que a, b, c, &c. seront les mouvemens que ces corps prendront en vertu de leur 
action. Ce qu’il falloit trouver.” 


69. The following remarks on D’Alembert’s principle have 
been supplied by Sir G. Airy: 

I have seen some statements of or remarks on this principle which appear 
to me to be erroneous. ‘The principle itself is not a new physical principle, nor 
any addition to existing physical principles; but is a convenient principle of 
combination of mechanical considerations, which results in a comprehensive 
process of great elegance. 

The tacit idea, which dominates through the investigation, is this: —That every 
mass of matter in any complex mechanical combination may be conceived as 
containing in itself two distinct properties :—one that of connexion in itself, of 
susceptibility to pressure-force, and of connexion with other such masses, but not 
of inertia nor of impressions of momentum :—the other that of discrete molecules 
of. matter, held in their places by the connexion-frame, susceptible to externally 
impressed momentum, and possessing inertia. The union produces an imponderable 
skeleton, carrying ponderable particles of matter. 
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Now the action of external momentum-forces on any one particle tends to 
produce a certain momentum-acceleration in that particle, which (generally) is 
not allowed to produce its full effect. And what prevents it from producing its 
full effect? It is the pressure of the skeleton-frame, which pressure will be 
measured by the difference between the impressed momentum-acceleration and 
the actual momentum-acceleration for the same. Thus every part of the skeleton 
sustains a pressure-foree depending on that difference of momenta. And the 
whole mechanical system, however complicated, may now be conceived as a system 
of skeletons, each sustaining pressure-forces, and (by virtue of their combination) 
each impressing forces on the others. 

And what will be the laws of movement resulting from this connexion? The 
forces are pressure-forces, acting on imponderable skeletons, and they must balance 
according to the laws of statical equilibrium. For if they did not, there would 
be instantaneous change from the understood motion, which change would be 
accompanied with instantaneous change of momentum-acceleration of the mole- 
cules, that would produce different pressures corresponding to equilibrium. (It 
is to be remarked that momentum cannot be changed instantaneously, but 
momentum-acceleration can be changed instantaneously.) 

We come thus to the conclusion that, taking for every molecule the dif- 
ference between the impressed momentum-acceleration and the actual momentum- 
acceleration, those differences through the entire machine will statically balance. 
And—combining in one group all the impressed momentum-accelerations, and in 
another group all the actual momentum-accelerations—it is the same as saying that. 
the impressed momentum-accelerations through the entire machine will balance the 
actual momentum-accelerations through the entire machine. This is the usual 
expression of D’Alembert’s principle. 


70. The ordinary notation for the successive differential co- 
efficients of a function is very convenient when we are not always 
using the same independent variable. In a treatise on dynamics 
the time is usually the independent variable, and it is unnecessary 
to be continually calling attention to that fact. For this reason 
it is usual to represent the successive differential coefficients with 
regard to the time by accents or dots or some other marks placed 
over the dependent variable. It will be convenient to restrict the 
dot notation to represent differentiations with regard to the time 


solely, thus # and % will be simply abbreviations for = and a 
Dots will never be used to represent differentiations with regard to 
any quantity other than the time. When any other abbreviations 
are used for differential coefficients they will be preceded by an 


explanation. 


This abbreviated notation is very convenient in working 
examples or whenever mistakes cannot be produced by an 
occasional error in the dots. But in stating results to which 
reference has afterwards to be made, or in which it is important 
that there should be no misconception as to the meaning, it will 
be found better to use the more extended notation. 


71. Example of D’Alembert’s principle. A light rod 
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OAB can turn freely in a vertical plane about a smooth fiwed hinge 
atO. Two heavy particles whose masses are mand m’ are attached 
to the rod at A and B and oscillate with it. It is required to 
find the motion. 


The oscillatory motion of a single particle is usually discussed 
in treatises on elementary dynamics. It is. proved that the time 
of a small oscillation is proportional to the square root of the 
radius of the circle described. In our problem we have two 
particles describing circular arcs of different radii in the same 
time. Each particle must therefore modify the motion of the 
other. The particle with the shorter radius hastens the motion 
of the other and is itself retarded by the slower motion of that 
other. Our object is to find the resulting motion. 


By using D’Alembert’s principle we are able to change this 
dynamical problem into an ordinary statical question, which when 
solved by the rules of statics gives the differential equations of 
the motion. 


Let OA =a, OB=b, and let the angle the rod OAB makes 
with the vertical Oz be 6. The particle A describes a circular are, 
hence its effective forces are known by elementary dynamics to 
be ma and maé, the former being directed along a tangent to the 
circular arc in the direction in which @ increases and the latter 
along the radius AO inwards. Similarly the effective forces of 
the particle B are m’/b@ and m’bé@ along its tangent and radius 
respectively. The directions of these effective forces are represented 
in figure 1 by the double-headed arrows, while the single-headed 


Fig. (3) 0 


| arrows indicate the directions of the weights mg and m’g of the 
_ particles. 


: By D’Alembert’s principle the four effective forces when 
| reversed are in equilibrium with the weights of the particles. 
| To avoid introducing the unknown reaction at O and _ those 
| between the particles and the rod, let us take moments for the 
| whole system about O. The forces ma6? and m’bé? being directed 
-along BAO have no moments. The moments of the other two 
are ma26 and m’'b?6. Reversing these and adding the moments of 
| the weights, we have 

| (ma? + m/b*) 6 + (ma + m’b) g sin = 0.2.60... 00 (Way 
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This is the differential equation of motion. When it has been 
solved and the two arbitrary constants determined by the initial 
conditions, we shall have @ expressed as a function of the time. 
But without entering here into the analytical solution we may 
shortly obtain the result. 


We notice that if we put m’ = 0 and write / for a, the equation 
(1) must give the motion of a single particle oscillating in a circle 
of radius 7. This motion is therefore given by 

LO= 9 Sin O =O Sten dean cae ett e (2). 
This is of the same form as the equation (1). Hence the rod 
OAB oscillates as if the two particles were joined together into 
ma? + m'b? 


from the 
ma + mb 


a single particle and placed at a distance / = 
hinge 0. 


As a variation on this problem, let us find the motion when the 
rod OAB moves rownd the vertical as a conical pendulum with 
uniform angular velocity, the angle 0 which OAB makes with the 
vertical being constant. 


In this problem also the particles describe cireles, but their 
planes are horizontal and their centres are at # and Fas repre- 
sented in fig. 2, The motion round the vertical being uniform, 
the effective force of A resolved along the tangent to its path is 
zero, While the effective force along its radius AZ inwards is 
ma sin Of, @ being the angle made by the plane zOA with any 
fixed plane passing through Oz. Similarly the whole effective force 
on B is directed along its radius BF and is equal to m’b sin 0¢%. 


The directions of these effective forces are represented by 
the double-headed arrows in fig. 2. Reversing these and taking 
moments as before about O, we have 

— (ma? + mb*) sin 8 cos O62 + (ma + m’b) g sin 6 = 0. 
Hence the angular velocity ¢ of the plane zOA round the vertical 
is given by 
> (ma+m'b)g 
¢? = (nak ene (3), 
except when the rod is vertical. 


In this case again the result shows that the motion of the rod 
OAS round the vertical is the same as if the particles were 
collected into a single particle and placed at the same distance 
from O as in the first problem. 


In these problems we have followed the rule given in Art. 67. 
We first express the effective forces by using the results given in 
treatises on dynamics of a particle. We reverse these effective 
forces and express by equations the conditions of equilibrium. 
These equations are the equations of motion. 
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Ex. 1. If three particles are attached to the rod at different distances from O, 
find the motion, (1) when the system oscillates in a vertical plane, and (2) when it 
revolves uniformly round the vertical. 

Ex. 2, If the two particles are attached to O by two strings OA, AB as shown 
in fig. 3, and the system revolves round the vertical with a uniform angular velocity 
¢, show that (m. AE.OE+m’.BF.OF) ¢?=(m. AE+m’. BF) g. 


72. General Equations of Motion. To apply D’ Alembert’s 
principle to obtain the equations of motion of a system of rigid 
bodies. 

Let («, y, z) be the coordinates of the particle m at the time 
t referred to any set of rectangular axes fixed in space. Then 

2 2 2 
a a , and ue will be the accelerations of the particle. Let 


X, Y, Z be the impressed accelerating forces on the same particle 
resolved parallel to the axes. By D’Alembert’s principle the 
d?x dy d?z 

forces TS oe m(¥— a m (2-7), 

together with similar forces on every particle, will be in equi- 
librium. Hence by the principles of statics we have the equation 

da 
ym de = =mX, 

and two similar equations for y and z; these are obtained by 
resolving parallel to the axes. Also we have 


an Ghee dy. 
xm (y A — 25) =m (yZ—2Y), 


dt? 
and two similar equations for zz and wy; these are obtained by 
taking moments about the axes. 
These equations may be written in the more convenient forms 


3m - = SmX | 
¢ Sm - SS Te acoae (A) 
Sm . = imZ 

gm (2 ie iz 2) STORE Ey ANON Bel (B). 


d dy da 
aS al (pee ee | Va 
i =m (« Ti i) Xm (#Y —yX ) 


‘In a precisely similar manner, by taking the expressions for 
the accelerations in polar coordinates, we should have obtained 
another but equivalent set of equations of motion. 


4—2 
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73. Coordinates of a body. The equations of motion of 
Art. 72 are the general equations of motion of any dynamical 
system. They are, however, extremely inconvenient in their present 
form. When the system considered is a rigid body and not merely 
a finite number of separate particles, the ’s are all definite in- 
tegrals. There are also an infinite number of a’s, y’s and 2’s all 
connected together by an infinite number of geometrical equations. 
It will be necessary, as suggested in Art. 67, to find some finite 
number of quantities which determine the position of the body in 
space and to express the effective forces in terms of these quantities. 
These are called the coordinates of the body*. It is most important 
in theoretical dynamics to choose the coordinates properly. They 
should be (1) such that a knowledge of them in terms of the time 
determines the motion of the body in a convenient manner, and 
(2) such that the dynamical equations when expressed in terms of 
them may be as little complicated as possible. 


Let us first enquire how many coordinates are necessary to 
fix the position of a body. 


The position of a body in space is given when we know the 
coordinates of some point in it and the angles which two straight 
lines fixed in the body make with the axes of coordinates. There 
are three geometrical relations existing between these six angles, 
so that the position of a body may be made to depend on six 
independent variables, viz. three coordinates and three angles. 
These might be taken as the coordinates of the body. 


It is evident that we may express the coordinates (a, y, 2) of 
any particle m of a body in terms of the coordinates of that body 
and quantities which are known and remain constant during the 
motion. First let us suppose the system to consist only of a 
single body, then if we substitute these expressions for a, y, z in 
the equations (A) and (B) of Art. 72, we shall have six equations 
to determine the six coordinates of the body in terms of the 
time. Thus the motion will be found. If the system consist of 
several bodies, we shall, by considering each separately, have six 
equations for each body. If there be any unknown reactions 
between the bodies, these will be included in X, Y, Z. For each 
reaction there will be a corresponding geometrical relation con- 
necting the motion of the bodies. Thus on the whoie we shall 
have sufficient equations to determine the motion of the system. 


When the motion is in two dimensions these six coordinates 
are reduced to three. These are the two coordinates of the point 
fixed in the body, and the angle some straight line fixed in the 
body makes with a straight line fixed in space. 


* Sir W. Hamilton uses the phrase ‘‘marks of position,” but subsequent writers 
have adopted the term coordinates. See Cayley’s Report to the Brit. Assoc., 1857. 
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74, Let us next consider how the equations of motion (A) formed 
by resolution can be simplified by a proper choice of coordinates. 
We must find the resolved part of the momentum and the re- 
solved part of the effective forces of a system in any direction. 


Let the given direction be taken as the axis of 2 Let (a, y, 2) 
be the coordinates of any particle whose mass is m. The resolved 


part of its momentum in the given direction is mo, Hence 


the resolved part of the momentum of the whole system is =m a 
Let (@, ¥, Z) be the coordinates of the centre of gravity of the 
system and M the whole mass. Then M@= Sma; 

c dx da 

sins Ma = =m dt . 

Hence the resolved part of the momentum of a system in any 

direction is equal to the whole mass multiplied into the resolved part 
of the velocity of the centre of gravity. 


That is, the linear momentum of a system is the same as if the 
whole mass were collected into its centre of gravity. 


In the same way, the resolved part of the effective forces of a 
system in any direction is equal to the whole mass multiplied into 
the resolved part of the acceleration of the centre of grauity. 


It appears from this proposition that it will be convenient to 
take the coordinates of the centre of gravity of each rigid body 
in the system as three of the coordinates of that body. We can 
then express in a simple form the resolved part of the effective 
forces in any direction. 


75. Lastly, let us consider how the equations of motion (B) 
formed by taking moments can be simplified by a proper choice 
of the three remaining coordinates. We must find the moment 
of the momentum and the moment of the effective forces about 
any straight line. 

Let the given straight line be taken as the axis of w, then just 
as in statics yZ — zY is the moment of a force about the axis of a, 
so, replacing Y and Z by y and Z, the moment of the momentum 

dz dy 
dt it) 

Now this is an expression of the second degree. If, then, we 
substitute y= Y+y',z=2+4+2’, we get as in Art. 14 

s ,dz dy’ M _ ae gH) 

| 7 eae ea Ge a 


about the axis of x is =m (y 


ee cee dy dz dij 
+y =m AL Zam ae a ymy — de ymz, 
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Exactly as in Art. 14, all the terms in the second line are zero 
because Smy’ = 0, Smz’ = 0, where M is the mass of the system 
or body under consideration. 


The second term is the moment about the axis of a of the 
momentum of a mass M moving with the centre of gravity. 


The first term is the moment about a straight line parallel 
to the axis of w, not of the actual momenta of all the several 
particles but of their momenta relatively to the centre of gravity. 
In the case of any particular body it therefore depends only on the 
motion of the body relatively to its centre of gravity. In finding 
its value we may suppose the centre of gravity reduced to rest 
by applying to every particle of the system a velocity equal and 
opposite to that of the centre of gravity. Hence we infer that 


The moment of the momentum of a system about any straight 
line is equal to the moment of the momentum of the whole mass 
supposed collected at its centre of gravity and moving with tt, 
together with the moment of the momentum of the system relative 
to its centre of gravity about a straight line drawn parallel to the 
gwen straight line through the centre of gravity. 


In the same way, this proposition will be also true if for the 
“momentum ” of the system we substitute its “ effective force.” 


By taking the axis Ox through the centre of gravity, we see 
that the moment of the relative momenta about any straight 


line through the centre of gravity is equal to that of the actual 
momenta. 


It appears from this proposition that it will be convenient to 
refer the angular motion of a body to a system of coordinate 
axes meeting at the centre of gravity. A general expression for 
the moment of the effective forces about any straight line through 
the centre of gravity cannot be conveniently investigated at this 
stage. Different expressions will be found advantageous under 
different circumstances. There are three cases to which attention 
should be particularly directed: (1) that of a body turning 
about an axis fixed in the body and fixed in space; (2) that of 
motion in two dimensions, and (8) Euler’s expression when the 
body is turning about a fixed point. These will be found at the 
beginnings of the third and fourth chapters and in the fifth 
chapter respectively. 


76. Let a rigid body be turning about any point O 4ixed in the body, such as 
the centre of gravity. Let O&, On, Of be a new set of rectangular axes fixed in the 
body. Then the ordinary formule for transformation of axes give 

yslEtmgn+ngy, 2=E+mnt+ve 
where the direction-cosines (Imm) (uv) are functions of the time. We see therefore 
that the angular momentum 


zm (y/2' — 2 y') = ADme + BIm7? + CDmén + &e, 
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where 4=/\— Ni, and B, CO, &. are similar functions of the direction-cosines. Now 
Zmée, Zmn?, &c. and also the coefficients A, B, &c. would be the same for any system 
of particles equimomental to the given body. We therefore infer that the moment 
of the effective forces of a rigid body about any straight line is the same as that for 
any equimomental system which moves with the body. 

In the same way we may show that the resolved parts of the effective forces are 
the same. Hence in calculating the effective forces of a rigid body we may replace 
it by any convenient equimomental system which is rigidly connected with it. 


77. The quantity =m (xy — y#) expresses the moment of the 
momentum about the axis of z. It is called the angular momentum 
of the system about the axis of z. There is another interpretation 
which can be given to it. If we transform to polar coordinates, 


we have ay —ya= 7°, 
Now 4r’d@ is the elementary area described round the origin, 
in the time dt by the projection of the particle on the plane of wy. 


If twice this polar area be multiplied by the mass of the particle, 
it is called the area conserved by the particle in the time dt round 


the axis of z Hence 

dy dg 
is called the area conserved by the system in a unit of time, or 
more simply the area conserved. 


78. Three Important Propositions. Summing up the 
results of the articles from 72 onwards, we see that we have 
established three important propositions. 


Since any straight line fiwed in space may be taken as an axis 
of coordinates, the three equations (A) of Art. 72 may be written 
in the typical form 

d /Linear Momentum in aa ~ Geri nee) 
dt ( fixed direction ~ \ force ; 

For the same reason, the three equations (B) of the same articie 
may be written in the typical form 

d /Angular Momentum Aaaae 
dt ( a fixed straight line 

Thirdly, we see by Art. 74, that the typical expression for the 
linear momentum may be written 

Linear Momentum - a fe x resolved ean 
( any fixed direction of centre of gravity 


Geen: of a) 
pressed forces /* 


The corresponding typical expression for the angular momentum 
is deferred for the present. 


79. Independence of Translation and Rotation. We 
may now enunciate two important propositions, which follow at 
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once from the preceding results. It will, however, be more useful 
to deduce them from first principles. ; 

(1) The motion of the centre of gravity of a system acted on by 
any forces is the same as if all the mass were collected at the centre 
of gravity and all the forces were applied at that point parallel to 
their former directions. 

(2) The motion of a body, acted “on by any forces, about its 
centre of gravity is the same as if the centre of gravity were fixed 
and the same forces acted on the body. ; 

Taking any one of the equations (A) we have 


Sie Te 
If %, 7, Z be the coordinates of the centre of gravity, then 
Zom = mz; i a =m= = mX, 


and the other equations may be treated in a similar manner. 
Since these are the equations which give the motion of a mass 

Sm acted on by forces YmX, &c., the first principle is proved. 
Taking any one of the equations (B) we have 


fy Cu 
=m (2 a -y 5) = Ym (a2Y — yX). 

Let w=%+4+2a', y=9t+y’, 2=2Z+2’, then proceeding as in 

Art. 14 or Art. 75 this equation becomes 
ey 02a" OY een Oe - 

=m (« ae, 7) + (z Be ela ) im = Xm («Y —yX). 

Now the axes of coordinates are quite arbitrary, let them be 
so chosen that the centre of gravity is passing through the origin 
at the moment under consideration. Then 7=0,7=0, but dz/dt, 
dy/dt are not necessarily zero. The equation then becomes 


=m (2 ge pu 


de 9 de 

This equation does not contain the coordinates of the centre 
of gravity and holds at every separate instant of the motion and 
therefore is always true. But this and the two similar equations 
obtained from the other two equations of (B) are exactly the 
equations of moments we should have had if we had regarded the 


centre of gravity as a fixed point and taken it as the origin of 
moments, 


i Xm (a VY —y’X). 


80. These two important propositions are called respectively 
the principles of the conservation of the motions of translation and 
rotation. The first was given by Newton in the fourth corollary 
to the third law of motion, and was afterwards generalized by 
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D’ Alembert and Montucla. The second is more recent and seems 
to have been discovered about the same time by Euler, Bernoulli 


and the Chevalier d’Arcy. 


Another name has also been given to these results. Together 
they constitute the principle of the independence of the motions of 
translation and rotation. The motion of the centre of gravity is 
the same as if the whole mass were collected at that point, and is 
therefore quite independent of the rotation. The motion round 
the centre of gravity is the same as if that point were fixed, and 
is therefore independent of the motion of that point. 


81. By the first principle the problem of finding the motion 
of the centre of gravity of a system, however complex the system 
may be, is reduced to the problem of finding the motion of a 
single particle. By the second the problem of finding the angular 
motion of a free body in space is reduced to that of determining 
the motion of that body about a fixed point. 


Example of the first principle. In using the first principle 
it should be noticed that the impressed forces are to be applied at 
the centre of gravity parallel to their former directions. Thus, if 
a rigid body be moving under the influence of a central force, the 
motion of the centre of gravity is not generally the same as if the 
whole mass were collected at the centre of gravity and it were 
then acted on by the same central force. What the principle 
asserts is, that, if the attraction of the central force on each 
element of the body be found, the motion of the centre of gravity 
is the same as if these forces were applied at the centre of gravity 
parallel to their original directions. 


If the impressed forces act always parallel to a fixed straight 
line, or if they tend to fixed centres and vary as the distance from 
those centres, the magnitude and direction of their resultant are 
the same whether we suppose the body collected into its centre of 
gravity or not. But in most cases care must be taken to find the 
resultant of the impressed forces as they really act on the body 
before it has been collected into its centre of gravity. 


82. Example of the second principle. Let us next con- 
sider an example of the second principle. Suppose the earth to 
be in rotation about some axis through its centre of gravity and 
to be acted on by the attractions of the sun and moon. Then we 
learn, from the second principle, that if the resultant attraction of 
these bodies pass through the centre of gravity of the earth, the 
rotation about the axis will not be in any way affected. In what- 
ever way the centre of gravity of the earth may move in space, 
the axis of rotation will have its direction fixed in space and the 
angular velocity will be constant. Two important consequences 
follow immediately from this result. The centre of gravity of the 
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earth is known to describe an orbit round the sun, which is very 
nearly in one plane, and the changes of the seasons chiefly depend 
on the inclination of the earth’s axis to the plane of motion of the 
centre of the earth. The permanence of the seasons is therefore 
established. Secondly, since the angular velocity is constant, it 
follows that the length of the sidereal day is invariable. 


Strictly speaking the resuliant attraction due to any particle of the sun and 
moon does not pass through the centre of gravity of the earth. The reason is that. 
the earth is not a perfect sphere whose strata of equal density are concentric 
spheres. But since the ellipticities of these strata are all small the motion of 
rotation of the earth will be but slightly affected. Nevertheless the sun (for 
instance) will act with unequal forces on those parts of the earth’s equator which 
are nearer to it and on those more remote. Thus the sun’s attraction will tend to 
turn the earth about an axis lying in the plane of the equator and which is perpen- 
dicular to the radius vector of the sun. The general effect of this couple on the 
rotation of the earth is very remarkable. It will be proved in a later chapter (1) that. 
the period of rotation of the earth is unaltered, (2) that though the direction of the 
earth’s axis is no longer fixed in space, yet the axis still preserves, on the whole, the 
same inclination to the plane of the earth’s motion round the sun. Thus the per- 
manence of the seasons, as far as these causes are concerned, remains unaffected. 


83. General Method of using D’Alembert’s principle. 
The general problem in dynamics to be solved may be stated 
thus. 


Any number of rigid bodies press both against each other and 
against fixed points, curves, or surfaces and are acted on by given 
forces ; find their motion. 


The mode of using D’Alembert’s principle for the solution 
may be stated thus. 


Let «, y, z be the coordinates of the centre of gravity of any 
one of these bodies referred to three rectangular axes fixed in 
space. Let three other coordinates of this body be chosen so 
that the three moments of the momentum of the body about 
three rectangular axes fixed in direction and meeting at the 
centre of gravity may be found conveniently in terms of them. 
Let h,, h,, hs; be these three moments of the momentum, and let M 
be the mass. Then the effective forces of the body are equivalent 


2 ‘ 2 
to the three effective forces ue, ue, ue and the three 
dh hy 
effective couples a a eo The three effective forces act 


at the centre of gravity parallel to the axes of @, y, 2 respectively, 
and the three couples act round the three axes about which the 
moments of the momentum were taken. The effective forces of 


all the other bodies of the system may be expressed in a similar 
manner, 


Then all these effective forces and couples being reversed will 
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be in equilibrium with the impressed forces. The equations of 
equilibrium may be found by resolving in such directions and 
taking moments about such straight lines as may be convenient. 
Instead of reversing the effective forces it is usually found more 
convenient to write the impressed and effective forces on opposite 
sides of the equations. 


Taking the bodies separately we may thus obtain, by three 
resolutions and three moments, six equations of motion for each 


body. 


If two rigid bodies press against each other or against a fixed 
obstacle there may be one or more unknown reactions. But there 
will also be in general as many equations to express the conditions 
of contact. The mode of writing down these conditions of contact 
will be explained in the chapters which follow. 


Thus we shall have as many equations as there are coordinates 
and reactions. But sometimes by a judicious choice of the direc- 
tions in which we resolve, or of the straight lines about which we 
take moments, we may (exactly as in statics) avoid introducing 
some of these reactions into the equations. This will reduce the 
number of equations which have to be formed. We may also 
sometimes avoid these reactions by resolving or taking moments 
for two of the bodies as if they formed for an instant one single 
body. 

These differential equations will then have to be solved. The 
different methods of proceeding will be explained further on. 
Generally we can find one integral by a method called the 
principle of Vis Viva. A rule will be given to write down this 
integral without previously forming the equations of motion. 

We have here limited ourselves to the method of forming the 
equation by resolving and taking moments. But we may proceed 
otherwise. Thus Lagrange has given a method of writing down 
the equations of motion by which, amongst other advantages, the 
labour of eliminating the reactions is avoided. 


Application of D’Alembert’s Principle to impulsive forces. 


84. If a force F act on a particle of mass m always in the 
same direction, the equation of motion is 
dw 
na, = Ee 
where v is the velocity of the particle at the time ¢. Let 7’ be the 
interval during which the force acts, and let v, v’ be the velocities 
at the beginning and end of that interval. Then 


yh) 
m (v2) =| Pat. 
0 
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Now suppose the force F to increase without limit while the 
interval 7’ decreases without limit. Then the integral may have 
a finite limit. Let this limit be P. The equation then becomes 

m(v' —v) = P. 

The velocity in-the interval 7’ has increased or decreased from 
v tov’. Supposing the velocity to have remained finite, let V be 
its greatest value during this interval. Then the space described 
is less than V7’. Since this vanishes in the limit the particle has 


not moved during the action of the force F. It has not had tume 
to move, but its velocity has been changed from v to v’. 


We may consider that a proper measure has been found for a 
force when from that measure we can deduce all the effects of the 
force. In the case of finite forces we have to determine both the 
change of place and the change in the velocity of the particle. 
It is therefore necessary to divide the whole time of action into 
elementary times and determine the effect of the force during 
each of these. But in the case of infinite forces which act for an 
indefinitely short time, the change of place is zero, and the change 
of velocity is the only element to be determined. It is therefore 
more convenient to collect the whole force expended into one 
measure, A force so measured is called an impulse. It may be 
defined as the limit of a force which is infinitely great, but acts 
only during an infinitely short time. There are of course no such 
forces in nature, but there are forces which are very great, and 
act only during a very short time. The blow of a hammer is 
a force of this kind. They may be treated as if they were im- 
pulses, and the results will be more or less correct according to 
the magnitude of the force and the shortness of the time of action. 
They may also be treated as if they were finite forces, and the 
small displacement of the body during the short time of action of 
the force may be found. 


The quantity P may be taken as the measure of the force. 


An impulsive force is measured by the whole momentum generated 
by the impulse. 


85. In determining the effect of an impulse on a body, the 


effect of all finite forces which act on the body at the same time 
may be omitted. 


For let a finite force f act on a body at the same time as an 
impulsive foree F. Then as before we have 


ory z ad 
t | fat ; 
0 SAD ae reeetale PU san Pe 
m m m m 
But in the limit JT vanishes. Similarly the force Jf may be 
omitted in the equation of moments. 


ART. 87] IMPULSIVE FORCES 61 


86. To obtain the general equations of motion of a system acted 
on by any number of impulses at once. 


Let wu, v, w, uw’, v', w’ be the velocities of a particle of mass m 
parallel to the axes just before and just after the action of the 
impulses. Let X’, Y’, Z’ be the resolved parts of the impulse on 
m parallel to the axes. Taking the same notation as before, we 
have the equation 2m% = XmX, or integrating 


Sm (ul =u) = 3m [OX dba EX eeeseeessee(D) 
0 


Similarly we have the equations 
Prey Ve 42 .(2), =m (w’ —w)= 27’ ...(8). 
_ Again the equation 2m (aij — y%) = Xm (xY — yX) becomes on 
integration Lm (ay — y#) = Xm (xf V dt — yfX dt). 
In this integration a, y are regarded as constants, because the 
duration 7’ of the impulse is so short that the body has not time 


to move (Art. 84), i.e. the changes of w, y during this interval may 
be neglected. Taking the equation between limits, 


=m {a(v' — v) —y(w' — u)} = 2 (@Y’ —yX’) ...... (4). 
The other two equations become _ 

xm {fy (w'—w)—2(v' —v)f} == (y7’ —2Y’).... (5), 

im {2 (uw —u)—a(w' —w)} => (2X! — 4Z’)..0.0.0.. (6). 


In the following investigations it will be found convenient to 
use accented letters to denote the states of motion after impact 
which correspond to those denoted by the same letters unaccented 
before the action of the impulse. Since the changes in direction 
and magnitude of the velocities of the several particles of the 
bodies are the only objects of investigation, it will be found 
convenient to express the equations of motion in terms of these 
velocities. 


87. In applying D’Alembert’s Principle to impulsive forces the 
only change which must be made is in the mode of measuring the 
effective forces. If (u, v, w), (w’, v’, w’) be the resolved part of the 
velocity of any particle just before and just after the impulse, and 
if m be its mass, the effective forces will be measured by m (uw — wu), 
m(v' —v), and m(w'—w). The quantity mf in Art. 67 is to be 
regarded as the measure of the impulsive force which, if the 
particle were separated from the rest of the body, would produce 
these changes of momentum. 


In this case, if we follow the notation of Arts. 74 and 75, the 
resolved part of the effective force in the direction of the axis of z 
is the difference of the values of Smdz/dt just before and just 
after this action of the impulses, and this is the same as the 
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difference of the values of Mdz/dt at the same instants. In the 

same way the moment of the effective forces about the axis of z 
will be the difference of the values of 

dy da 

xm (« ATS, a 

just before and just after the action of the impulses. 


We may therefore extend the general proposition of Art. 83 to 
impulsive forces in the following manner. 


Let (u, v, w), (w’, v’, w’) be the velocities of the centre of gravity 
of any rigid body of mass M just before and just after the action 
of the impulses resolved parallel to any three fixed rectangular 
axes. Let (hj, hy, hs), (hi, he’, hy’) be the moments of momentum 
relative to the centre of gravity about three rectangular axes 
fixed in direction and meeting at the centre of gravity, the 
moments being taken respectively just before and just after the 
impulses. Then the effective forces of the body are equivalent to 
the three effective forces M (u’ — u), M (v' — v), M (w’ — w), acting 
at the centre of gravity parallel to the rectangular axes, together 
with the three effective couples (/y/— I), (he’ — he), (hs — hz) about 
those axes. 


These effective forces and couples being reversed will be in 
equilibrium with the impressed forces. The equations of equili- 
brium may then be formed according to the rules of statics. 


Examples. Ex.1. Two particles moving in the same plane are projected in 
parallel but opposite directions with velocities inversely proportional to their masses. 
Find the motion of their centre of gravity. 


Ex. 2. A person is placed on a perfectly smooth table; show how he may 
get off. 


Ex. 3. Explain how a person sitting on a chair is able to move the chair across 
the room by a series of jerks, without touching the ground with his feet. 


Ex. 4. A person is placed at one end of a perfectly rough board which rests 
on a smooth table. Supposing he walks to the other end of the board, determine 
how far the board has moyed. If he steps off the board, show how to determine 
its subsequent motion. 


Ex. 5. The motion of the centre of gravity of a shell shot from a gun in vacuo 
is a parabola, and its motion is unaffected by the bursting of the shell. 


Ex. 6. A rod revolving uniformly in a horizontal plane round a pivot at its 
extremity suddenly snaps in two: determine the motion of each part. 


Ex. 7. A cube slides down a perfectly smooth inclined plane with four of its 
edges horizontal. The middle point of the lowest edge comes in contact with 
a small fixed obstacle and is reduced to rest. Determine whether the cube is also 
reduced to rest, and show that the resultant impulsive action along the edge will 
not act along the inclined plane. 


Ex. 8. Two persons 4 and B are situated on a perfectly smooth horizontal 
plane at a distance a from each other. 4 throws a ball to B which reaches B after 
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atime t. Show that 4 will begin to slide along the plane with a velocity ma/Mt, 
where M is his own mass and m that of the ball. If the plane had been perfectly 
rough, explain in general terms the nature of the pressures between A’s feet and 
the plane which would have prevented him from sliding. Would these pressures 
have had a single resultant? 


Ex. 9. A cannon rests on an imperfectly rough horizontal plane and is fired 
with such a charge that the relative velocity of the ball and cannon at the moment 
when the ball leaves the cannon is V. If M be the mass of the cannon, m that of 
the ball, and y the coefficient of friction, show that the cannon will recoil a distance 


TV NL 
GF) ag on the plane. 


Ex. 10. A spherical cavity of radius a is cut out of a cubical mass so that the 
eentre of gravity of the remaining mass is in the vertical through the centre of the 
cavity. The cubical mass rests on a perfectly smooth horizontal plane, but the 
interior of the cavity is perfectly rough. A sphere of mass m, and radius b, rolls 
down the side of the cavity starting from rest with its centre on a level with the 
centre of the cavity. Show that when the sphere next comes to rest, the cubical 
2m (a — b) 

Mim 
remaining portion of the cube. Would the result be the same if the cavity were 
smooth or imperfectly rough? 


mass will have moved through a space , where M is the mass of the 


Ex. 11. Two railway engines drawing the same train are connected by a loose 
chain and come several times in succession into collision with each other; the 
leading engine being a little top-heavy and the buffers of both rather low. The 
fore-wheels of the first engine are observed to jump up anddown. What dynamical 
explanation can be given of this rocking motion? At what level should the buffers 
be placed that it may not occur? Camb. Trans. Vol. vit. 1841. 


Ex. 12. Sir C. Lyell in his account of the earthquake in Calabria in 1783, 
mentions two obelisks each of which was constructed of three great stones laid one 
on the top of the other. After the earthquake, the pedestal of each obelisk was 
found to be in its original place, but the separate stones above were turned partially 
round and removed several inches from their position without falling. The shock 
which agitated the building was therefore described as having been horizontal and 
vorticose. Show that such a displacement would be produced by a simple rectilinear 
shock, if the resultant blow on each stone did not pass through its centre of gravity. 
See Mallet’s Dynamics of Earthquakes. Milne in his Harthquakes, 1886, page 196, 
discusses the latter explanation and refers to some similar cases which occurred in 
the earthquake at Yokohama in 1880. 


CHAPTER III 
MOTION ABOUT A FIXED AXIS 


88. The Fundamental Theorem. A rigid body can turn 
freely about an amis fived in the body and in space, to find the 
moment of the effective forces about the axis of rotation. 


Let any plane passing through the axis and fixed in space be 
taken as a plane of reference, and let @ be the angle which any 
other plane through the axis and fixed in the body makes with 
the first plane. Let m be the mass of any element of the body, 
r its distance from the axis, and let ¢ be the angle made by a plane 
through the axis and the element m witb the plane of reference. 


The velocity of the particle m is ré in a direction perpen- 
dicular to the plane containing the axis and the particle. The 
moment of the momentum of this particle about the axis is clearly 
mr. Hence the moment of the momenta of all the particles is 
xX (mrp). Since the particles of the body are rigidly connected 
with each other, it is obvious that ¢ is the same for every 
particle, and equal to 6. Hence the moment of the momenta of 
all the particles of the body about the axis is Smr6, we. the 
moment of inertia of the body about the axis multiplied into the 
angular velocity. 

_ The accelerations of the particle m are rd and — rd? perpen- 
dicular to, and along the direction in which r is measured, the 
moment of the effective forces on m about the axis is mr, 
hence the moment of the effective forces on all the particles of the 
body about the axis is } (mr). By the same reasoning as before 


this is equal to mr, ie. the moment of inertia of the body about 
the axis into the angular acceleration. 


89. To determine the motion of a body about a fixed amis 
under the action of any forces. 


_ By D’Alembert’s principle the effective forces when reversed 
will be in equilibrium with the impressed forces. To avoid intro- 


ducing the unknown reactions at the axis, let us take moments 
about the axis. 
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Firstly, let the forces be impulsive. Let w, w' be the angular 
velocities of the body just before and just after the action of the 
forces. Then, following the notation of the last article, 

o .mr—o.imr=L, 
where Z is the moment of the impressed forces about the axis ; 


__ moment of forces about axis 
moment of inertia about axis’ 


This equation will determine the change in the angular velocity 
produced by the action of the forces. 


Secondly, let the forces be finite. Then taking moments about 
the axis, we have = mr =i; 
@’@ moment of forces about axis 
’* dt? ~~ moment of inertia about axis’ 


This equation when integrated will give the values of @ and 
d@/dt at any time. Two undetermined constants will make their 
appearance in the course of the solution. These are to be deter- 
mined from*the given initial values of @ and d@/dt. Thus the 
whole motion can be found. 


& 1 
1 Oe— @. 


90. It appears from this proposition that the motion of a rigid body about a 
fixed axis depends on (1) the monient of the forces about that axis and (2) the 
moment of inertia of the body about the axis. Let Mk? be this moment of inertia, 
so that & is the radius of gyration of the body. Then if the whole mass of the 
body were collected into a particle and attached to the fixed axis by a rod without 
inertia, whose length is the radius of gyration k, and if this system be acted on by 

forces having the same moment as before, and be set in motion with the same 
initial values of @ and d6/dt, then the whole subsequent angular or gyratory 
motion of the rod will be the same as that of the body. We may say briefly, that 
a body turning about a fixed axis is dynamically given, when we know its mass and 
radius of gyration. 


91. Ex. A perfectly rough circular horizontal board is capable of revolving 
Sreely round a vertical axis through its centre. A man whose weight is equal to that 
of the board walks on and round it at the edge: when he has completed the circuit 
what will be his position in space ? 

Let a be the radius of the board, Mk? its moment of inertia about the vertical 
axis. Let w be the angular velocity of the board, w’ that of the man about the 
vertical axis at any time. And let F be the action between the feet of the man and 


the board. 


The equation of motion of the board is by Art. 89, Mit — Gs eun ees (1). 
The equation of motion of the man is by Art. 79, PVCs thee eee a (2). 
Eliminating F and integrating, we get . kKw+aw'=0, 


the constant being zero, because the man and the board start from rest. Let 

6, 6’ be the angles described by the board and man round the vertical axis. Then 

w=6, w'=6', and k?0+a20’=0. Hence, when 6’—-@=2mr and k?=}a’, we have 

This gives the angle in space described by the man. Let V be the mean’ 
5 


=2r. 


R. D. 
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relative velocity with which the man walks along the board, then w’-w=V/a, and 
- w= -2V/3a. This gives the mean angular velocity of the board. 


92. On the Pendulum. A body acted on by gravity only 
moves about a fixed horizontal amis, to determine the motion. 

Take the vertical plane through the axis as the plane of refer- 
ence, and the plane through the axis and the centre of gravity as 
the plane fixed in the body. Then the equation of motion is 

d?@ moment of forces ___ -Mgh sin @ 
dt? moment of inertia M (k? + h?) 
where /; is the distance of the centre of gravity from the axis and 


Mk? is the moment of inertia of the body about an axis through 
the centre of gravity parallel to the fixed axis. Hence 


TO Sans 

d? +h 

The equation (2) cannot be integrated in finite terms, but if 

the oscillations be small, we may reject the cubes and higher 
powers of @ and the equation will become 


dé Gia ee 
de e+ os 


ai Oe Oi eins ee (2). 


a 
gh 

h and k be measured in feet and g = 32°18, this formula gives the 

time in seconds. 


Hence the time of a complete osgillation is 27 oye 


The equation of motion of a particle of any mass suspended 


Cm 47. sin 6=0 Cee eee merece ee eevens (38), 


by a string / is 


which may be deduced from equation (2) by putting k=0 and 
h=l. Hence the angular motions of the string and the body 
under the same initial conditions will be identical if 


This length is called the length of the simple equivalent 
pendulum. 


Centre of Oscillation*. Through G, the centre of gravity of 
the body, draw a perpendicular to the axis of revolution cutting it 


* The position of the centre of oscillation of a body was first correctly deter- 
mined by Huygens in his Horologiwm Oscillatorium published at Paris in 1673. 
The most important of the theorems given in the text were discovered by him. As 
D’Alembert’s principle was not known at that time, Huygens had to discover some 
principle for himself. The hypothesis was, that when several weights are put in 
motion by the force of gravity, in whatever manner they act on each other their 
centre of gravity cannot be made to mount to a height greater than that from which 


a a 
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in C. Then Cis called the centre of suspension. Produce CG to O 
so that CO=1, Then O is called the centre of oscillation. If the 
whole mass of the body (or indeed any mass) were collected at the 
centre of oscillation and suspended by a thread to the centre of 
suspension, its angular motion and time of oscillation would be the 
same as that of the body under the same initial circumstances. 


The equation (4) may be put under another form. Since 
C@=h and OG=l1-h, we have 


GC. GO =(rad.)? of gyration about G, 
CG .CO =(rad.) of gyration about C, 
OG. OC =(rad.)? of gyration about O. 


Any of these equations show that, if O be made the centre of 
suspension, and the axis be parallel to the axis about which k was 
taken, C’ will be the centre of oscillation. Thus the centres of 
oscillation and suspension are convertible and the times of oscillation 
about these points are the same. 


If the time of oscillation be given, / is given and the equation (4) 
will give two values of h. Let these values be h,, h,. Let two 
cylinders be described with that straight line as axis about which 
the radius of gyration & was taken, and let the radii of these 
cylinders be h,,A,. Then the times of oscillation of the body about 
all generating lines of these cylinders are the same, and are 


approximately equal to 27 Nis 


With the same axis describe a third cylinder whose radius 
= 2 

isk. Then /=2k+ oe , hence J is always greater than 2k, 
and decreases continually as 4 decreases and approaches the value 
k. Thus the length of the equivalent pendulum continually de- 
creases as the axis of suspension approaches from without to the 
circumference of this third cylinder. When the axis of suspension 
is a generating line of the cylinder the length of the equivalent 
pendulum is 2k. When the axis of suspension is within the 
cylinder and approaches the centre of gravity the length of the 
equivalent pendulum continually increases, and it becomes infinite 
as the axis passes through the centre of gravity. 


it has descended (Art. 68). Huygens considers that he assumes here only that a 
heavy body cannot of itself move upwards. The next step in the argument was, 
that at any instant the velocities of the particles are such that, if they were separated 
from each other and properly guided, the centre of gravity could be made to mount 
to a second position as high as its first position. For if not, consider the particles to 
start from their last positions, to describe the same paths reversed, and then again 
to be joined together into a pendulum; the centre of gravity would rise to its first 
position ; but if this be higher than the second position, the hypothesis would be 
contradicted. This principle gives the same equation which the modern princip] 

of Vis Viva would give. ‘The rest of his solution is not of much interest. 


5—2 
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The time of oscillation is therefore least when the axis is a 
generating line of the circular cylinder whose radius is k. But the 
time about the axis thus found is not an absolute minimum. It 
is a minimum only for axes drawn parallel to a given straight line 
in the body. To find the axis about which the time is absolutely 
a minimum we must find the axis about which & is a minimum. 
Now it is proved in Art. 23 that the axis through G about which 
the moment of inertia is least or greatest is one of the principal 
axes. Hence the axis about which the time of oscillation is a 
minimum is parallel to that principal axis through G about which 
the moment of inertia is least. Also if Mk? be the moment of 
inertia about that axis, the axis of suspension is at a distance k 
from it measured in any direction. 


93. Ex. 1. Find the time of the small oscillations of a cube (1) when one 
side is fixed, (2) when a diagonal of one of its faces is fixed ; the axis in both cases 
being horizontal. If 2a be a side of the cube, show that the length of the simple 
equivalent pendulum is in the first case 4,/2a/3, and in the second case 5a/3. 


Ex. 2. An elliptic lamina is such that when it swings about one latus rectum 
as a horizontal axis, the other latus rectum passes through the centre of oscillation, 
prove that the eccentricity is 4. 


Ex. 3. A circular are oscillates about an axis through its middle point perpen- 
dicular to the plane of the arc. Prove that the length of the simple equivalent 
pendulum is independent of the length of the arc, and is equal to twice the radius. 


Ex, 4. The density of a rod varies as the distance from one end, show that the 
axis perpendicular to it about which the time of oscillation is a minimum intersects 
the rod at one of the two points whose distance from the centre of gravity is 
,/2a/6, where a is the length of the rod. 


Ex. 5. Find what axis in the area of an ellipse must be fixed that the time of a 
small oscillation may be a minimum. Show that the axis must be parallel to the 
major axis, and must bisect the semi-minor axis. 


Ex. 6. A uniform stick hangs freely by one end, the other end being close to the 
ground. An angular velocity in a vertical plane is then communicated to the stick, 
and, when it has risen through an angle of 90°, the end by which it was hanging is 
loosed. What must be the initial angular velocity so that on falling to the ground 
it may pitch in an upright position? Show that the required angular velocity w is 

2 
given by wae (3 +P) , where 2p may be any odd multiple of 7 and 2a 
is the length of the rod. 


Ex. 7. Two bodies can move freely and independently under the action of 
gravity about the same horizontal axis; their masses are m, m’, and the distances of 
their centres of gravity from the axis are h, h’. If the lengths of their simple equivalent 
pendulums be L, L’, prove that when they are fastened together in the positions 
of equilibrium the length of the equivalent pendulum will be ee 

mh+m'h 


The length of this resultant equivalent pendulum lies between L and L’ provided 
h and h’ have the same sign. 


If a heavy particle m’ be attached to a vibrating pendulum it follows that the 
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period is increased or decreased according as the point of attachment is at a greater 
or less distance from the axis of suspension than the centre of oscillation, 


Ex. 8. When it is required to regulate a clock, such as the great Westminster 
clock, without stopping the pendulum, it is usual to add some small weight to or 
subtract it from a platform attached to the pendulum. Show that, in order to make a 
given alteration in the going of the clock by the addition of the least possible weight, 
the platform must be placed at a distance from the point of suspension equal to half 
the length of the simple equivalent pendulum. Show also that a slight error in the 
position of the platform will not affect the weight required to be added. 


Ex. 9. A circular table, centre O, is supported by three legs 4A’, BB’, CC’ which 
rest on a perfectly rough horizontal floor, and a heavy particle P is placed on the 
table. Suddenly one leg CO’ gives way, show that the table and the particle will 
immediately separate if pe be greater than x?; where p and ¢ are the distances of P 
and O respectively from the line 4B joining the tops of the legs, and « is the radius 
of gyration of the table with the remaining legs about the line 4’B’ joining the 
points where the legs rest on the floor. 

The condition of separation is that the initial normal acceleration of the point 
of the table at P should be greater than the normal acceleration of the particle 
itself. 


Ex. 10. A string without weight is placed round a fixed ellipse whose plane is 
vertical, and the two ends are fastened together. The length of the string is greater 
than the perimeter of the ellipse. A heavy particle can slide freely on the string 
and performs small oscillations under the action of gravity. Prove that the simple 
equivalent pendulum is the radius of curvature of the confocal ellipse passing 
through the position of equilibrium of the particle, 


94. Effect of change of temperature. In a clock which 
is regulated by a pendulum, it is necessary that the time of oscil- 
lation should be invariable. As all substances expand or contract 
with every alteration of temperature, it is clear that the distance 
of the centre of gravity of the pendulum from the axis and the 
moment of inertia about that axis will be continually altering. 
The length of the simple equivalent pendulum does not however 
depend on either of these elements simply, but on their ratio. If 
then we can construct a pendulum such that the expansion or 
contraction of its different parts does not alter this ratio, the time 
of oscillation will be unaffected by any change of temperature. 
For an account of the various methods of accomplishing this which 
have been suggested, we refer the reader to any treatise* on clocks. 
We shall here only notice for the sake of illustration one simple 
construction, which has been much used. It was invented by 
George Graham about the year 1715. He gave an account of it 
in Vol. 34 of the Phil. Trans. 1726 (printed 1728). 


* Denison’s treatise on Clocks and Watches and Bells, 7th ed. 1883. Treatise 
on Modern Horology in theory and practice, translated from the French of Claudius 
Saunier by Julien Tripplin and Edward Rigg, 2nd ed. 1891. The Watchmaker’s 
handbook, translated from the French of C. Saunier by the same authors, 3rd ed. 
1891. Both these are rather practical than theoretical. Watch and Clockmakers’ 
handbook, by F. J. Britten, 1884. This is a practical treatise arranged alphabetically. 
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Some heavy fluid, such as mercury, is enclosed in a cast-iron cylindrical jar. 
Tron is used partly because there is no chemical action between it and the mercury 
and partly because iis coefficient of expansion is not large. An iron rod is screwed 
into the top of the jar and then suspended in the usual manner from a fixed point. 
The downward expansion of the iron on any increase of temperature tends to lower 
the centre of oscillation, but the upward expansion of the mercury tends on the 
contrary to raise it. It is required to determine the condition that the position of 
the centre of oscillation may on the whole be unaltered. 

Let Mk? be the moment of inertia of the iron jar and rod about the axis of 
suspension, c the distance of their common centre of gravity from that axis. Let 
1 be the length of the pendulum from the point of suspension to the bottom of the 
jar, a the internal radius of the jar. Let nM be the mass of the mercury, h the 
height it occupies in the jar. 

The moment of inertia of the cylinder of mercury about a straight line through 
its centre of gravity perpendicular to its axis is by Art. 17, nM (~,h?+4a’). Hence 
the moment of inertia of the whole body about the axis of suspension is 


hn? a h\? 5 


and the moment of the whole mass collected at its centre of gravity is 
Mn (l—$h)+ Me. 
The length L of the simple equivalent pendulum is the ratio of these two, and on 
3h? -lh+P+ha%)4+h 1 
MCoiae ee (1). 
Let the linear expansion of the substance which forms the rod and jar be 
denoted by a and that of mercury by £ for each degree of the thermometer. If the 
thermometer used be Fahrenheit’s, we have a=-0000065668, 8 =-00003336, accord- 
ing to some experiments of Dulong and Petit. Thus we see that a and 6 are so 
small that their squares may be neglected, In calculating the height of the mercury 
it must be remembered that the jar expands laterally, and thus the relative vertical 
expansion of the mercury is 36 —2a, which we shall represent by y. 


reduction we have L ae ( 


If then the temperature of every part be increased t°, we have a, l, k, ¢ all 
increased in the ratio 1+at:1, while h is increased in the ratiol+yt:1. Since L 
is to be unaltered, we have 

aL dL, ab aL 

(a ei Media a ae e) POETS 

But L is a homogeneous function of one dimension, hence 
dL aL, ab dL l 


dL 
ee DORA e Gea Gis 


hy=0. 


The condition becomes therefore by substitution = hee : 
a-y L dh 
Let A, B be the numerator and denominator of the expression for L given by 


equation (1). Then taking the logarithmic differential 


1dL_n(gh-l) .4n_n (/#h-1 1 
L ah Dot Bey eae 
: cna h l-2h 1 
Hence the required condit gee aes a 
q condition is (e<a ae LE 9 )rttesees (2). 
1-5 tS 


This calculation has more theoretical than practical importance, for the nu- 
merical values of « and 8 depend a good deal on the purity of the metals and on 
the mode in which they have been worked. The adjustment must therefore be 


ART. 96] THE PENDULUM (gk 


finally made by experiment. If the rate of the clock is found to be affected by a 
change of temperature it is usual to alter slightly the quantity of mercury in the 
jar until by trial the adjustment is found to be satisfactory. 


In the investigation we have supposed a and 8 to be absolutely constant, but 
this is only a very near approximation. Thus a change of 80° Fah. would alter 8 
by less than a fiftieth of its value. 


When the adjustment is made the compensation is not strictly correct, for the 
iron jar and mercury haye been supposed to be of uniform temperature. Now the 
different materials of which the pendulum is composed absorb heat at different 
rates, and therefore while the temperature is changing there will be some slight 
error in the clock. 


The whole length of a seconds pendulum of this construction is about 44 inches, 
the expansion and contraction of which is corrected by a column of mercury in the 
jar about 7 inches long. ‘The radius of the jar is usually about one inch. The 
weight of the mercury is then about 10 to 12 pounds which, added to that of the 
jar, frame, and rod, brings the total weight to about 14 pounds. 


Ex. If, as a first approximation, we regard the mercury as the weight, the jar 
and the rod being only of sufficient mass to hold up the mercury, and if we also 
suppose h and a to be so much less than L that we may reject the squares of their 
ratios to L, prove that the equation (1) gives L=l/—ih and that the equation (2) 
gives h=iL. 


95. Buoyancy of Air. Another cause of error in a clock pendulum is the 
buoyancy of the air. This produces an upward force acting at the centre of gravity 
of the volume of the pendulum equal to the weight of the air displaced. A very slight 
modification of the fundamental investigation in Art. 92 will enable us to take this 
into account. Let V be the volume of the pendulum, D the density of the air; h,, 
hy the distances of the centres of gravity of the mass and volume respectively from 
the axis of suspension, Mk? the moment of inertia of the mass about the axis of 
suspension. Let us also suppose the pendulum to be symmetrical about a plane 
through the axis and either centre of gravity. 

The equation of motion is then Mk?0= — Mgh, sin 6+ VDghgsin @...... (1). 

By the same reasoning as before we infer that if / be the length of the equivalent 
ik VD 
po ee 
The density D of the air is continually changing, the changes being indicated by 
variations in the height of the barometer. Let h be the value of the right-hand side 
of this equation for any standard density D. Suppose the actual density to be 
D+6D and let 1+ 61 be the corresponding length of the seconds pendulum, then we 
k?61 VoD 61 hg VD 6D 
ie hy TT and therefore aoa SDs 

This formula gives in a convenient form the change in the length of the equi- 
valent pendulum due to a change in the density of the air. 


pendulum 


have by differentiation 


96. Ex.1. If the centres of gravity of the mass and volume were very nearly 
coincident and the weight of the air displaced were 7355 of the weight of the 
pendulum, show that a rise of one inch in the barometer would cause an error in 
the rate of going of the seconds pendulum of nearly one-fifth of a second per day. 

This example will enable us to estimate the general effect of a rise of the 
barometer on the rate of going of an iron pendulum. 


Ex. 2. Ifa barometer were attached to the pendulum show that the rise or fall 
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= 


of the mercury as the density of the air changed could be so arranged as to keep the 
time of vibration unaltered. ‘This method was suggested first by Dr Robinson of 
Armagh in 1831 in the fifth volume of the memoirs of the Astronomical Society, and 
afterwards by Mr Denison in the Astronomical Notices for Jan. 1873. In the Armagh 
Places of Stars published in 1859, Dr Robinson described the difficulties he found in 
practice before he was satisfied with the working of the clock. 

The jar of mercury in Graham’s mercurial pendulum might be used as the 
cistern of the barometer, as Mr Denison remarks. 

The theory of the construction is that in differentiating equation (2) we are to 
suppose f°, &c. variable and / constant. 

Prof. Rankine read a paper to the British Association in 1853 in which he 
proposed to use a clock with a centrifugal or revolying pendulum, part of which 
should consist of a siphon barometer. The rising and falling of the barometer 
would affect the rate of going of the clock so that the mean height of the mercurial 
column during any long period would register itself. 

Ex. 3. If the pendulum be supposed to drag a quantity of air with it which 
bears a constant ratio to the density D of the surrounding air and adds yD to the 
moment of inertia of the pendulum without increasing the moving power, show that 
the change produced in the simple equivalent pendulum by a change of density 6D 
is given by 6l=~ydD/Mh, (see Art. 105). 


97. Moments of Inertia found by experiment. In many 
experimental investigations it is necessary to determine the 
moment of inertia of the body experimented on about some 
axis. If the body be of regular shape and be so far homogeneous 
that the errors of this assumption are of the order to be neglected, 
we can determine the moment of inertia by calculation. But 
sometimes this cannot be done. If we can make the body oscillate 
under gravity about any axis parallel to the given axis placed 
in a horizontal position, we can determine by equation (4) of 
Art. 92 the radius of gyration about a parallel axis through the 
centre of gravity. This requires however that the distances of 
the centre of gravity from the axes should be very accurately 
found. Sometimes it is more convenient to attach the body to 
a pendulum of known mass whose radius of gyration about a fixed 
horizontal axis has been previously found by observing the time 
of oscillation. Then by a new determination of the time of 
oscillation, the moment of inertia of the compound body, and 
eae: that of the given body, may be found, the masses being 
<nown. 


If the body be a lamina, we may thus find the radii of gyration 
about three axes passing through the centre of gravity. By 
measuring three Jengths along these axes inversely proportional 
to these radii of gyration, we have three points on a momental 
ellipse at the centre of gravity. The ellipse may then be con- 
structed. The directions of its principal diameters are the 
principal axes, and the reciprocals of their lengths represent on 
the same scale as before the principal radii of gyration. 
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If the body be a solid; six observed radii of gyration will de- 
termine the principal axes and moments at the centre of gravity. 
But in most cases some of the circumstances of the particular 
problem under consideration will simplify the process. 

The following example illustrates the use of the method in determining or 
eliminating the unknown moments of inertia which occur in some experimental 
researches. Other examples are given in Arts. 99, 122, &. 


Ex. A symmetrical magnet can turn freely about a vertical axis which passes 
through its middle point, and the effect of the earth’s magnetism on it is represented 
by a couple whose moment is F’'sin @, where @ is the angle the axis of the magnet 
makes with the meridian, The extremities of the magnet can be loaded at pleasure 
with two equal spherical brass weights which rest on the magnet by sharp points 
so that the weights do not partake of the rotatory motion of the magnet. If I be 
the moment of inertia of the magnet, u the mass of either sphere, 2c the distance 
between their centres, prove that the times of oscillation without and with the 
spheres are 

T=2n {I/F}2, T! =2n {(1+ 2uc2)/F}4, 
whence I and F can be found when T and 7” have been observed. If the weights 
were rigidly attached to the magnet, we must increase 2uc? by 2ue? where ¢ is the 
radius (see Art. 148). In this case e must be measured as well as c, but the error 
due to friction at the point of attachment is avoided, This method of finding 
the value of F is commonly ascribed to Weber. See Taylor’s translations of 
Scientific Memoirs, and Airy’s Magnetism. 


98. On the length of the Seconds Pendulum. The 
oscillations of a rigid body may be used to determine the 
numerical value of the accelerating force of gravity. Let + be 
the half time of a small oscillation of a body made in vacuo about 
a horizontal] axis, h the distance of the centre of gravity from the 
axis, k the radius of gyration about a parallel axis through the 
centre of gravity. Then we have by Art. 92, 

WEE NVI AE a ocraiiniensele dens acee rece a): 


where A=~., so that » is the length of the simple pendulum 
Tv 


whose complete time of oscillation is two seconds. 

We might apply this formula to any regular body for which 
k and h could be found by calculation. Experiments have thus 
been made with a rectangular bar, drawn as a wire and suspended 

12 2 

from one end. In this case Bs , which is the length of the 
simple equivalent pendulum, is easily seen to be two-thirds of the 
length of the rod. The preceding formula then gives » or g as 
soon as the time of oscillation has been observed. By inverting 
the rod and taking the mean of the results in the two positions 
any error arising from want of uniformity in density or figure may 
be partially obviated. It has, however, been found impracticable 
to obtain a rod sufficiently uniform to give results in accordance 
with each other. 
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99. If we make a body oscillate in. succession about two 
parallel axes not at the same distance from the centre of gravity, 
we get two equations similar to (1), viz. 


Beis htt, he AT? oe wcurecees: (2). 
Between these two we may now eliminate 4’, thus 
pny A) 
: aE Shah? oA eee (3). 


This equation gives . Since k® has disappeared, the form and 
structure of the body is now a matter of no importance. Let 
a body be constructed with two apertures into which knife edges 
can be fixed. The apertures may be triangular to prevent 
slipping. Resting on these knife edges, the body can be made 
to oscillate through small arcs. The perpendicular distances h, h’ 
of the centre of gravity from the axes must then be measured 
with great care. The formula will then give 2. 


100. In Capt. Kater’s method (Phil. Trans. 1818) the body 
has a sliding weight in the form of a ring which can be moved 
up and down by means of a screw. The body itself has the 
form of a bar and the apertures are so placed that the centre of 
gravity lies between them. The ring weight is then moved until 
the two times of oscillation are exactly equal. The equation (3) 


h+h’ 
then becomes = er OMT IR heel Rs (4), 


which determines X. The advantage of this construction is that 
the position of the centre of gravity, which is not found without 
difficulty by experiment, is not required. All we want is h+h’, 
the exact distance between the knife edges. The disadvantage is 
that the ring weight has to be moved until two times of oscillation, 
each of which it is difficult to observe, are made equal. 


101. The equation (8) can be written in the form 
h+h +r? hth’ 
a a 

We now see that, if the body be so constructed that the times 
of oscillation about the two axes of suspension are very nearly 
equal, T?— 7’ will be small, and therefore it will be sufficient in 
the last term to substitute for h and h’ their approximate values. 
The position of the centre of gravity is of course to be found as 
accurately as possible, but any small error in its position is of 
no very great consequence, for such an error is multiplied by the 
small quantity 7?—7, The advantage of this construction over 
Kater’s is that the ring weight may be dispensed with and yet 
the only element which must be measured with extreme accuracy 
is h +h’, the distance between the knife edges. 
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102. In order to measure the distance between the knife edges, Captain Kater 
first compared the different standards of length then in use, in terms of each of 
which he expressed the length of his pendulum. Since then a much more complete 
comparison of these and other standards has been made under the direction of the 
Committee appointed for that purpose in 1843. Phil. Trans. 1857, 

Having settled his unit of length, Captain Kater proceeded to measure the 
distance between the knife edges by means of microscopes. Two different methods 
were used, which however cannot be described here. As an illustration of the 
extreme care necessary in these measurements, the following fact may be mentioned. 
Though the images of the knife edges were always perfectly sharp and well defined, 
their distance when seen on a black ground was :000572 of an inch less than when 
seen on a white ground. This difference appeared to be the same, whatever the 
relative illumination of the object and ground might be, so long as the difference of 
character was preserved. Three sets of measurements were taken, two at the be- 
ginning of the experiments, and the third after some time. The object of the last 
set was to ascertain if the knife edges had suffered from use. The mean results of 
these three differed by less than a ten-thousandth of an inch from each other, the 
distance to be measured being 39°44085 inches. 


103. The time of a single vibration cannot be observed 
directly, because this would require the fraction of a second of 
time as shown by the clock to be estimated either by the eye or 
ear. The difficulty may be overcome by observing the time, say 
of a thousand vibrations, and thus the error of the time of a single 
vibration is divided by athousand. The labour of so much counting 
may however be avoided by the use of the method of coincidences. 
The pendulum is placed in front of a clock pendulum whose time 
of vibration is slightly different. Certain marks made on the two 
pendulums are observed by a telescope at the lowest point of their 
arcs of vibration. The field of view is limited by a diaphragm 
to a narrow aperture across which the marks are seen to pass. 
At each succeeding vibration one pendulum follows the other 
more closely, and at last its mark is completely covered by the 
other during the passage across the field of view of the telescope. 
After a few vibrations it appears again preceding the other. In 
the interval from one disappearance to the next, one pendulum 
has made, as nearly as possible, one complete oscillation more than 
the other. We have therefore to count the number of vibrations 
made by either pendulum in the interval. At the beginning 
of the counting let one pendulum coincide with the other as 
nearly as we can judge. Suppose that after m half vibrations 
of the clock pendulum the next coincidence has not quite arrived, 
but that after n+1 half vibrations the coincidence has passed. 
If the clock pendulum be the slower of the two, the other must 
have made n+ 2 or n+ 3 half vibrations in the interval. Thus 
the time of one half vibration of the pendulum lies between the 

"and ca of the period of the clock vibration. 
n+2 n+3 
Taking either of these estimates as the real time of a half 


fractions 
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vibration of the pendulum the error is less than the fraction 

2 
(n+ 2)(n +3) 
pendulum. It appears from this that the error varies nearly in- 
versely as the square of the number of vibrations between two 
coincidences. In this manner 530 half vibrations of a clock 
pendulum, each equal to a second, were found to correspond to 
532 of Captain Kater’s pendulum. The error of this estimate is so 
small that in twenty-four hours it would accumulate only to about 
three-fifths of a second. The ratio of the times of vibration of the 
pendulum and the clock pendulum may thus be calculated with 
extreme accuracy. The rate of going of the clock must then be 
found by astronomical means. 

The reader should notice the resemblance between this process 
of comparing two clocks with the use of the vernier in comparing 
lengths. Of course there are differences, because the vernier is 
applied to space, and we have here to do with time. But the 
general principle is the same. 

In some more recent experiments the observation of the 
coincidences was assisted by the use of a momentary electrical 
illumination of the slit, Nature 1898, Feb. 10. 


104. The Reductions. The time of vibration thus obtained 
will require several corrections which are called “reductions.” 
For instance, if the oscillation be not so small that we can put 
sin@=@ in Art. 92, we must make a reduction to infinitely small 
arcs. The general method of effecting this will be considered 
in the chapter on Small Oscillations. Another reduction is 
necessary if we wish to reduce the result to what it would have 
been at the level of the sea. The attraction of the intervening 
land may be allowed for by Dr Young’s rule (Phil. Trans. 1819). 
We may thus obtain the force of gravity at the level of the sea, 
supposing all the land above this level were cut off and the sea 
constrained to keep its present level. As the level of the sea is 
altered by the attraction of the land, further corrections are still 
necessary if we wish to reduce the result to the surface of that 
spheroid which most nearly represents the earth. See Camb. 
Phil. Trans. Vol. vu. On the variation of gravity at the surface 
of the earth, by Sir G. Stokes. 


Mr Baily gives as the length of the pendulum whose half time 
of vibration is a mean solar second in the open air in the latitude 
of London 39°133 inches, and as the length of a similar pendulum 
vibrating sidereal seconds 38'919 inches. 


of the time of a half vibration of the clock 


105. Correction for Resistance of the Air. The observations must be made 
in the air. To correct for this we have to make a reduction to a vacuum. ‘This 
reduction consists of three parts: (1) The correction for buoyancy, (2) Du Buat’s 
correction for the air dragged along by the pendulum, (3) The resistance of the air. 
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The volume V of the pendulum may be found by measuring the dimensions of 
the body. As the ‘reduction to a vacuum” is only a correction, any small un- 
avoidable errors in calculating the dimensions will produce an effect only of the 
second order on the value of X. Let p be the density of the air when the body is 
oscillating about one knife edge, p’ the density when oscillating about the other. 
If the observation be made within an hour or two hours, we may put p=p’. The 
effect of buoyancy is allowed for by supposing a force Vpg to act upwards at the 
centre of gravity of the volume of the body. If the body be made as nearly as 
possible symmetrical about the two knife edges this centre of gravity will be half 
way between the knife edges, see Art. 95. 


Du Buat discovered by experiment that a pendulum drags with it to and fro a 
certain mass of air which increases the inertia of the body without adding to the 
moving force of gravity. This result has been confirmed by Bessel and Stokes. 
The mass dragged bears to the mass of air displaced by the body a ratio which 
depends on the external shape of the body. Let us represent it by uVp. If the 
body be symmetrical about the knife edges, so that the external shape is the same 
whichever edge is made the axis of suspension, « will be the same for each oscilla- 
tion. We must add to the k? of equation (1) in Art. 92 and therefore also in 
Art. 98 the term uVpk’?/m, where k’ is the radius of gyration of the dragged air 
about either axis of suspension and m is the mass of the pendulum. 

Taking these two corrections the equation (1) of Art. 98 will now become 

a pe ee ey (2- ae ) , 
m m 2 
Similarly for the oscillation about the other knife edge, 
Vol hth! 
™m 2 ji 
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We must eliminate k? as before. If the observations about the two knife 
edges succeed each other at a short interval we may put p=p’, and then Du Buat’s 
correction will disappear. This is of course a very great advantage. We then have 


h+h’ +7’? hth’ 4 
oy i err ee (a ae 
the last term being very small, because 7 and 7’ are nearly equal. 

The resistance of the air will be some function of the angular velocity d6/dt of 
the pendulum. Since the angular velocity is very small we may expand this function 
and take only the first power. Supposing that Maclaurin’s theorem does not fail, 
and that no coefficient of a higher power than the first is very great, this gives a 
resistance proportional to dé/dt. The equation of motion will therefore take the form 

2 
etn 0= ee 
where 27/n is the time of a complete oscillation in a vacuum, and the term on the 
right-hand side is that due to the resistance of the air. The discussion of this 
equation will be found in the chapter on Small Oscillations. 

When the density of the air is increased, the three corrections (buoyancy, the 
addition to the inertia, and the resistance of the air) combine to increase the time 
of oscillation of a pendulum and therefore to make a clock go a little slower. 

The reader may consult, Du Buat, Principes hydraulique 1786; F. W. Bessel, 
Royal Academy of Sciences, Berlin 1826, Baily ‘On the correction of the pendulum,” 
Phil. Trans. 1832, Account of the operations of the great trigonometrical survey in 
India by Capt. Heaviside 1879, Gen. Walker’s Account of recent pendulum opera- 
tions &c., Phil. Trans. 1890. 
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106. Construction of a pendulum. In constructing a 
reversible pendulum to measure the force of gravity, the following 
are points of importance. 


1. The axes of suspension, or knife edges, must not be at 
the same distance from the centre of gravity of the mass. They 
should be parallel to each other. 


2. The times of oscillation about the two knife edges should 
be nearly equal. 


3. The external form of the body must be symmetrical, and 
the same about the two axes of suspension. 


4, The pendulum must be of such a regular shape that the 
dimensions of all the parts cau be readily calculated. 


These conditions are satisfied if the pendulum be of rect- 
angular shape with two cylinders placed one at each end. The 
external forms of these cylinders should be equal and similar, 
but one solid and the other hollow, and such that the distance 
between the knife edges is to be as nearly as possible equal to the 
length of the simple equivalent pendulum found by calculation. 
This is called Repsold’s pendulum. 


5. The pendulum should be made, as far as possible, of one 
metal, so that as the temperature changes it may be always similar 
to itself. In this case since the times of oscillation of similar 
bodies vary as the square root of their linear dimensions, it is 
easy to reduce the observed time of oscillation to a standard tem- 
perature. The knife edges however must be made of some strong 
substance not likely to be easily injured. 


107. Ex. 1. If the knife edges be not perfectly sharp, let r be the difference of 

their radii of curvature; show that 

he—h*+(h+h’)r 

d = 
very nearly, when the pendulum vibrates in vacuo. It appears that the correction 
vanishes if the knife edges are equally sharp. By interchanging the knife edges 
we have the same equation with the sign of r changed. By making a few observa- 
tions we may thus determine r. A proposition similar to this has been ascribed to 
Laplace by Dr Young. 


= hr? —h' 7’? 


Let p, p’ be the radii of curvature of the knife edges. Then by taking moments 
about the instantaueous axis we may show (as in Art. 98) that k?+h?=)(h+p) 72. 
Since p is small we may write this in the form k?+ h? — (k?+ h?) p= Nhe The times 

v 
of vibration r, 7’ are nearly equal, hence by Art. 92 we have k?=hh’ very nearly. 
Substituting this value of k in the small terms we get k? + h2.— (h+ h')p=Xhr?. There 
is a similar equation for the pendulum when it vibrates about the other knife edge, 
which may be obtained from this by interchanging h, h’ and r, 7’. Eliminating k? 
as in Art. 99, and remembering that r=p’—p, we obtain the result to be proved. 


Bx. 2. A heavy spherical ball is suspended by a very fine wire successively 
from two points of support A and B, whose vertical distance b has been carefully 
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measured, thus forming two pendulums. The lowest point of the ball is, on each 
Suspension, made to be as exactly as possible on the same level, which level is 
approximately at depths a and a’ below A and B respectively. If 7 be the radius of 
the ball, which is small compared with a or a’, and J, 1’ the lengths of the simple 
equivalent pendulums, prove that aot =i z be 

b 5 (a—7) (a’—r) 
the number of oscillations performed in a given time by each pendulum, show 
how to find the ratio of J to ’. Thence show how to find g and point out which 
lengths must be most carefully measured and which need only be approximately 
found, so as to render this method effective. This method is mentioned in Grant’s 
History of Physical Astronomy, page 155, as having been used by Bessel in 1826. 


very nearly. By counting 


108. A Standard of Length. The length of the seconds pendulum has been 
used as a national standard of length. By an Act of Parliament passed in 1824, it 
was declared that the distance between the centres of two points in the gold studs 
in the straight brass rod then in the custody of the clerk of the House of Commons, 
whereon the words and figures ‘‘standard yard, 1760” were engraved, should be the 
original and genuine standard of length called a yard, the brass being at the tem- 
perature of 62° Fahr. And as it was expedient that the said standard yard if injured 
should be restored to the same length by reference to some invariable natural 
standard, it was enacted that the new standard yard should be of such length that 
the pendulum vibrating seconds of mean time in the latitude of London in a vacuum 
at the level of the sea should be 39°1393 inches. 

On Oct. 16, 1834, occurred the fire at the Houses of Parliament, in which the 
standards were destroyed. The bar of 1760 was recovered, but one of its gold pins 
bearing a point was melted out and the bar was otherwise injured. 

In 1838 a commission was appointed to report to the Government on the course 
best to be pursued under the peculiar circumstances of the case. In 1841 the com- 
mission reported that they were of opinion that the definition by which the standard 
yard is declared to be a certain brass rod was the best which it was possible to adopt. 
With respect to the provision for restoration they did not recommend a reference to 
the length of the seconds pendulum. ‘‘Since the passing of the act of 1824 it has 
been ascertained that several elements of reduction of the pendulum experiments 
therein referred to are doubtful or erroneous: thus it was shown by Dr Young, 
Phil. Trans. 1819, that the reduction to the level of the sea was doubtful; by 
Bessel, Astron. Nachr. No. 128, and by Sabine, Phil. Trans. 1829, that the reduction 
for the weight of air was erroneous; by Baily, Phil. Trans. 1832, that the specific 
gravity of the pendulum was erroneously estimated and that the faults of the agate 
planes introduced some elements of doubt; by Kater, Phil. Trans. 1830, and by 
Baily, Astron. Soc. Memoirs, Vol. 1x., that very sensible errors were introduced in 
the operation of comparing the length of the pendulum with Shuckburgh’s scale 
used as a representative of the legal standard. It is evident, therefore, that the 
course prescribed by the act would not necessarily reproduce the length of the 
original yard.” The commission stated that there were several measures which 
had been formerly accurately compared with the original standard yard, and that 
by the use of these the length of the original yard could be determined without 
sensible error. 

In 1843 another,commission was appointed to compare all the existing measures 
and to construct from them a new Parliamentary standard. Unexpected difficulties 
occurred in the course of the comparison, which cannot be described here. A full 
account of the proceedings of the commission will be found in a paper contributed 
by Sir G. Airy to the Royal Society in 1857. A standard bar of gun metal was 
finally produced which was legalised as the standard by the act of 1855. Copies 
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are kept at the Mint, the Royal Observatory, the Royal Society and many other 
places. A new Imperial yard has been in course of construction since 1897. The 
weights and measures act of 1878 regulates the law on this subject. 

In France the standard of length is the métre. This, like our standard yard, 
was originally defined by reference to a length given in nature. The ten millionth 
part of the length of a meridian of the earth measured from the pole to the equator 
was declared to be the legal métre. But when new and more accurate measurements. 
were subsequently made, it became evident that the length of the legal métre could 
not be altered for each improvement in the measure of the earth. Practically there- 
fore the definition of the métre is a certain length preserved in Paris. 

The use of the seconds pendulum as a standard of length assumes that a 
standard of time has already been obtained. In this case we must have recourse 
to some natural standard, and the one usually chosen is the time of rotation of the 
earth on its axis. This is recommended by its simplicity, for the interval between 
two successive transits of the same star across the meridian is very nearly equal to 
the time of rotation of the earth. But other natural standards may also be used to 
check the clock. 

For an account of the recommendations made in the two reports (1873 and 1874) 
by the Units Committee of the British Association, see Prof, Everett’s treatise on 
Units and Physical Constants. 


109. Oscillation of a Watch Balance. A rod B’OB can 
turn freely about its centre of gravity O which is fixed, and is 
acted on by a very fine spiral spring CPB. The spring has one 
end C fixed in position in such a manner that the tangent at ( 
is also fixed, and has the other end B attached to the rod so that 
the tangent at B makes a constant angle with the rod. The rod 
being turned through any angle, it is required to find the time of 
oscillation. This is the construction used in watches, just as the 
pendulum is used in clocks, to regulate the motion. In many 
watches the rod 1s replaced by a wheel whose centre is O. 


Let Ow be the position of the rod when in equilibrium, and 
let @ be the angle the rod makes with Oz at any time t, Mk? the 
moment of inertia of the rod about 0. Let p be the radius of 
curvature at any point P of the spring, p, the value of p when in 
equilibrium. Let (a, y) be the coordinates of P referred to O as 
origin and Ow as axis of # Let us consider the forces which act 
on the rod and the portion BP of the spring. The forces on the 
rod are X, Y the resolved parts of the 
action at O parallel to the axes of co- 
ordinates, and the reversed effective 
forces which are equivalent to a couple 
Mk d?@/d?. The forces on the spring 
are, the reversed effective forces which, 
owing to the fineness of the spring, 
are so small that they may be neg- 
lected, and the resultant action across 
the section of the spring at P. This resultant action is produced 
by the tensions of the innumerable fibres which make up the 
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spring, and these are equivalent to a force at P and a couple. 
When an elastic spring is bent so that its curvature is changed, 
it is proved both by experiment and theory that this couple is 
proportional to the change of curvature at P. We may therefore 


P Unlal 

represent it by H & - a , where # depends only on the material 
0 

of which the spring is made and on the form of its section. 


To avoid introducing the unknown force at P, we take moments 

about P. This gives 
a? Laced 

Cp aii Sat han von Wi 
Mk ap EC 7 Xy + Ya. 

This equation is true whatever point P may be chosen. Con- 
sidering the left side constant at any moment and (z, y) variable, 
this becomes the intrinsic equation to the form of the spring. 


Let BP=s. Multiplying this equation by ds and integrating 
along the whole length / of the spiral spring, we have 


2 

Me Se l=-E{ (2-2) 4 ¥ | eds—X [ yds. 
t P Po 

Now ds/p is the angle between two consecutive normals, hence 

Jds/p is the angle between the extreme normals. At C the 

normal to the spring is fixed throughout the motion, therefore 


fs) is the angle between the normals at B in the two 
0 
positions in which @=@ and @=0. But since the normal at B 


makes a constant angle with the rod, this angle is the angle @ 

which the rod makes with its position of equilibrium. Also if 

#, y be the coordinates of the centre of gravity of the spring at 

the time ¢, we have fads=2l, fyds=yl. Hence the equation of 
2 

motion becomes mee - Z 6+ Ya—Xy. 

Let us suppose that in the position of equilibrium there is no 
pressure on the axis O, then, if the oscillation is small, X and Y 
will, throughout the motion, be small quantities of the order @. 
Let us also suppose that the fulcrum O is placed over the centre 
of gravity of the spring when at rest. Then if the number of 
spiral turns of the spring be numerous and if each turn be nearly 
circular, the centre of gravity will never deviate far from C. Thus 
the terms Y% and XY are each the product of two small quantities, 
and are therefore at least of the second order. Neglecting these 

2 
terms we have ue Ss = =) 


: Seiad el ey Mk? 
Hence the time of oscillation is 27 oe 


RED 6 


82 MOTION ABOUT A FIXED AXIS [CHAP. III 


It appears that to a first approximation the time of oscillation 
is independent of the form of the spring in equilibrium, and 
depends only on its length and on the form of its section. 


This brief discussion of the motion of a watch balance is taken from a memoir 
presented to the Academy of Sciences. The reader is referred to an article in 
Liouville’s Journal, 1860, for a further investigation of the conditions necessary for 
isochronism and for a determination of the best forms for the spring. 


109 a. If the length J of the spring is too long the time of oscillation is increased 
and the watch goes too slow. To correct this when necessary the clamp by which 
the point C is held is attached to a rod Ox which can turn stiffly round O. The 
spring being held tight at D, let the rod Ox be moved from D, the spring slides 
through the clamp C’and thus the length of CB, which is the effective length J of 
the spring, is shortened. Similarly by moving the rod Ox towards D, the effective 
length of the spring is increased. 


When the temperature rises, the length 7 of the spring is increased. For this 
and other reasons the watch will lose time. The compensation for a change of 
temperature is now usually effected by altering the moment of inertia of the oscil- 
lating body. The circumference of the balance wheel instead of being a complete 
circle consists of two ares each less than a semi-circumference. An extremity of 
each is attached to one extremity of the rod BOB’, and each carries a small mass 
which is attached to it near its free extremity. Hach are is constructed of two thin 
slips of different metals lying side by side, the outer of which is made of brass and 
the inner of steel. As the temperature increases the brass slip expands more than 
the steel slip so that the ares bend inward. The distances of the small masses from 
the axis are decreased and the moment of inertia of the whole balance is diminished. 
The proper positions of the masses on the circular arcs are determined by trial and 
this is usually a troublesome process. 


As thus constructed the instrument corrects the error only to a near approxi- 
mation. The changes in MkI, and in the coefficient of elasticity HE, due to changes 
of temperature, follow somewhat different laws, and cannot be made to neutralize 
each other throughout the whole of any large range of temperature. What remains 
is called the ‘‘secondary error” and the modes of correcting it are described in 
treatises on clocks and watches. 


109b. The effect of the pressure and resistance of the air on the balance has 
not here been allowed for. According to Du Buat’s theory (Art. 105) the general 
effect is to increase the moment of inertia Mk? of the balance by a small quantity R 
which is proportional to the density or pressure of the air. The time T of oscillation 
is therefore increased by 4 7R/Mk?. The watch therefore goes a little slower, the 
change of rate being proportional to the pressure. A short summary of some ex- 
periments made to test this result is given in the Bulletin dela Société Astronomique 
de France, April 1904. 


When great accuracy is required the chronometer might be enclosed in an air- 
tight case so that the density of the air inside might be kept constant. 


110, Pressures on the fixed axis. A body moves about a 


deg axis under the action of any forces, to find the pressures on 
the axrs. 


Firstly. Suppose the body and the forces to be symmetrical 
about the plane through the centre of gravity perpendicular to 
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the axis. Then it is evident that the pressures on the axis are 
reducible to a single force at C the centre of suspension. 


Let F’, G be the actions of the point of support on the body 
resolved along and perpendicular to CO, where 
O is the centre of gravity. Let X, Y be the 
sum of the resolved parts of the impressed 
forces in the same directions, and ZL their 
moment round C. Let CO=h and @=angle 
which CO makes with any straight line fixed 
in space. 
Taking moments about C, we have 
[0 oe L 
dt? M(k? +h?) 
The motion of the centre of gravity is the 
same as if all the forces acted at that point. Since it describes 
a circle round C, we have, by taking the tangential and normal 
resolutions, 
0. .¥ a G 
h Ai 2); h 


Equation (1) gives the values of = and io and then the 


---(3). 


pressures may be found by equations (2) and (8). 
If the only force acting on the body be that of gravity, and @ 
be measured from the vertical, we have 


X=Mgcos#, Y=—Mgsin dé, L=—Mghsin6; 


d?@ h ~. 
a Rete eae (4). 
Integrating, we have (=) - = 0+ ae COS Onna sn tieraasiee 3 (5). 


If the angular velocity of the body be 0 when CO is horizontal, 
we have a= when cos9@=0, We find C=Q% Substituting 


these values in (2) and (3) we get 
= Oh gia 
+ g Cos + he 


mI 


ke 
+h 
where @ is the angle the perpendicular drawn from the centre of 
gravity of the body on the axis makes with the vertical measured 
downwards. 

It appears from these results that the component of the pressure 
which is perpendicular to the plane contamng the ams and the 
centre of gravity 1s independent of the initial conditions. As the 
6—2 


= gsin 0 
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body oscillates this component varies as the distance of the centre 
of gravity from the vertical plane through the axis. On the other 
hand the component of pressure in the plane containing the axis 
and the centre of gravity does depend on the initial angular 
velocity of the body. 

If the forces are impulsive, the equations (1), (2), (3) are only 
slightly altered. Let @, w’ be the angular velocities of the body 
just before and just after the action of the impulses. The equa- 
tions then become 

L P Y+G 
Hee) TOs ag 
where all the letters have the same meaning as before, except that 
F, G, X, Y are now impulses instead of finite forces. 


111. Ex.1. A circular area of weight W can turn freely about a horizontal 
axis perpendicular to its plane which passes through a point C on its circumference. 
If it start from rest with the diameter through C vertically above C, show that the 
resultant pressures on the axis when that diameter is horizontal and vertically 
below C are respectively 4,/17W and 4+:W. 

Ex. 2. A thin uniform rod, one end of which is attached to a smooth hinge, is 
allowed to fall from a horizontal position; prove that when the horizontal strain is 
the greatest possible, the vertical strain on the hinge is to the weight of the rod as 
11:8. [Math. Tripos. 

Ex. 3. Let a=g wale alae and let R be the resultant of — F—- MOQ?h 

k24 hh?’ k2 4 f2? 
and G. Construct an ellipse with C for centre and axes equal to 2a and 2b measured 
along and perpendicular to CO. Let this ellipse be fixed in the body and oscillate 
with it. Prove that the pressure R varies as the diameter along which it acts. And 
the direction may be found thus; let the auxiliary circle cut the vertical through C 
in V, and let the perpendicular from V on CO cut the ellipse in R. Then CR is 
the direction of the pressure R. 


, 
@—-® 


0O=X+F, 


112. Secondly. Suppose either the body or the forces not to 
be symmetrical. 


Let the fixed axis be taken as the axis of z with any origin 
and plane of xz. These we shall afterwards so choose as to simplify 
our process as much as possible. Let %, 7, Z be the coordinates of 
the centre of gravity at the time ¢. Let be the angular velocity 


of the body, f the angular acceleration, so that f= 0. 


Now every element m of the body describes a circle about the 
axis, hence its accelerations along and 
perpendicular to the radius vector r 
from the axis are — w’r and fr. Let 6 


ie be the angle which r makes with the 
plane of #z at any, time, then from the 
oe : resolution of forces it is clear that 
- 10 1 %=— wr cos 6 — fr sin @=— wx — fy, 


and similarly 7 = — wy + fa. 
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These equations may also be obtained by differentiating the 
equations x=rcos@, y=rsin@ twice, remembering that 7 is 
constant. 


_ Collecting the effective forces of all the elements and com- 
bining them in Poinsot’s manner, we see that they are equivalent 
to a force acting at the origin and a couple whose six components 
are 


X, = Lm = =m (- wa — fy) = — @ Me —fMY ......... (1), 
Y, = 2my = Sm (— oy + fe) = — w My +fM@ ......... (2), 
4, = >mz 2 OA aE oe (3), 


DL, = =m (y2 — 2) = — Smzij = @*Xmyz — fimzazz ...(4), 
M,= 3m (z# —22)= Smzt = — w*Xmaz — frimyz ...(5), 
Ni mney — yaa Sa = Maar et hese (6). 

Since 7=0, the right-hand sides of (4) and (5) may obviously 
be obtained by merely introducing z into the & of (2) and (1). 

Let the body be fixed to the axis at two points distant a, a’ 
from the origin and let the reactions of the points on the body 
resolved parallel to the coordinate axes be respectively F’, G, H; 
EF", G’, H’. Let X, Y, Z be the accelerating impressed forces 
acting on the particle m. Then by D’Alembert’s principle, 
Art. -72, 


2X Bos — MG — MY © ois oe cso nsecevecectos Cy, 
2 GG = OMG PME ~ 5 oss. c celsap cigoeseetes. (2y, 
NG Fea Res d a LEN Vo Sock enc ae Piety ROD AERC eee OEE (38y, 


im (yZ —-2Y)-Ga-@a = wi myz—f2maz...... (4y, 
im (2X — 2Z)+ Fa+ Fa =— w&imaz — frimyz...... (5); 
=m (aVY — yX) So BUNA woe rer Poy AANA eon (6y. 
Equation (6) determines f and by integration also; (Ly, 
(2), (4), (5) then give F, G, F’, G’; H and H’ are indeterminate 
but their sum is given by (3). 
It is obvious that the six equations of motion may sometimes 
be greatly simplified. 
First. If the axis of z be a principal axis at the origin, 
Smaz=0, Smyz = 0, 
and the calculation of the right-hand sides of (4)’ and (5) becomes 
unnecessary. Hence we should, when possible, so choose the origin 
that the fixed axis is a principal aais of the body at that point, 
Art. 48. 
Secondly. Except the determination of f and @ by integrating 


(6), the whole process is merely an algebraic substitution of f and 
@ in the remaining equations. Hence owr results will still be 
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correct if in forming the equations of motion we choose the plane of 
az to contain the centre of gravity at the moment under consider- 
ation; this will make y= 0 and thus equations (1) and (2)’ will 
be simplified. 

Thirdly. The points at which the body is attached to the 
axis being arbitrary, we shall arrive at simpler equations of motion, 
if we put one hinge at the origin and the other at some convenient 
position, We then have a=0, so that F’, G’ are found by inspec- 
tion from (4) and (5) while F, G follow from (1) and (2), 


113. Impulsive forces. If the forces which act on the 
body are impulsive, the equations require some alterations. Let 
(u, v, w), (u’, v', w’) be the velocities resolved parallel to the axes of 


any element m whose coordinates are (a, y,z). Then w=— yo, 
u=—yo'; v=a20, v =a’; and w=0, w'=0. The six com- 
ponents of the effective forces then become 
X, = 2m (w —u)=— Ymy (wo — ©) = — M7 (e’— @)...... by 
Y,=2m(v -—v)= Ume(o’—o)= Me(e'—«)...... (2), 
Z,= =m (w' —w) Seed) Bey eaten esate (3), 
L, = =m {y(w' —w)—2(v' -v)} = — Smaxz(o' — @) ...(4), 
M, =m {z(u'—u)— 2 (w'— w)} = — Smyz(o' — @) ...(5), 
NV, = (Art. 89) = IM? (a = ©) aces (6). 
We then have by D’Alembert’s principle (Art. 86) 
DX + +B = — MY (0 — O) occ cece ec seeee eee (is 
QV GG MEG = @) ace. oe ee ee (2y, 
Dy Aa a Ree aS RL Veet ten On Ree Meecidrlas bestisc (3), 


&(yZ —2Y)— Ga— Ga’ =— maz (o' — @)......(4Y, 
2 (2X —a#Z) + Fat F'a =—- Ymyz(o' —@)...... (oy; 
x (a@Y—yX) = MEAS SW) aaa (6y. 
These six equations are sufficient for the determination of 
w, F, F’, G, G’ and the sum H+ Hi’. 
In forming the equations of motion for any particular problem 


we see that it is important to attend to the three simplifications 
mentioned ahove. 


114. Analysis of results. Since the forces and pressures 
enter into the equations of statics and dynamics in a linear form, 
it follows that the resolved pressures due to several causes may 
be found by adding together the resolved pressures due to each 
separately. The pressures of the axis on the body may therefore 
be regarded as the resultants of two sets of pressures, (1) the 
statical pressures which balance the impressed forces X, Y, Z, &., 
and (2) the pressures equivalent to the effective forces mi, mij, &e. 


ART. 114] ANALYSIS OF RESULTS 87 


The resultant statical pressure can be found from the first five 
equations, their right-hand sides being replaced by zero. These 
equations are not altered by transferring the impressed forces 
parallel to themselves to act at points on the axis, provided that we 
introduce the usual couples. We may then neglect the couple 
whose axis is Oz, which occurs only in equation (6), and the statical 
pressure at the axis may be found by compounding the remaining 
transferred forces. Thus, if the only impressed force on the body 
is that of gravity, and the axis of suspension is horizontal, the 
statical pressure on the axis is a vertical force equal to the weight 
of the body, acting at the foot of the perpendicular drawn from 
the centre of gravity to the axis of suspension. In the same 
way if an impulse act on the body perpendicular to the axis, the 
statical pressure due to it may be found by simply transferring it 
parallel to itself in a plane perpendicular to the axis to act at 
a point on that axis. 


When the amis of revolution Oz is a principal axis at some point 
O, the pressures due to the effective forces take a simple form. 
We see from (4) and (5) that Z,=0, M,=0. The effective forces 
are therefore equivalent to the forces X,, Y, acting at O together 
with a couple V,. The forces X,, Y, are evidently the components 
of the effective forces of a mass M placed at the centre of gravity, 
while the couple NV, appears only in the sixth equation of motion 
and affects the pressures F’, G, F’, G’ only indirectly by altering 7. 
It follows that the pressures at the aais due to the effective forces 
are equivalent to a single force which acts at the principal point O 
of the axis of revolution and is equal to the resultant of the effective 
forces of the whole mass collected at the centre of gravity and 
moving with it, Representing the perpendicular from the centre 
of gravity on the axis by 7, the components of this pressure are 
—w'Mr and fMr acting respectively along 7 and perpendicular 
to the plane containing 7 and the axis. When the forces are 
impulses the same remarks apply, except that the only component 
of the pressure is fM7 where f= ' — o. 


It appears therefore that when a heavy body rotates about_a 
fixed horizontal axis which has a principal point O, the pressures 
of the axis on the body are equivalent to two forces. One of 
these is equal and opposite to the weight and acts at the projection 
of the centre of gravity on the axis; the other is equal to the 
effective force at the centre of gravity and acts at the principal 
point. 

When the axis of suspension is parallel to a principal axis at 
the centre of gravity, we know by Art. 49 that the axis has a 
principal point and that this point coincides with the projection of 
the centre of gravity. In this case when the axis is horizontal 
both the pressure due to gravity and that due to the effective 
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forces act at the same point and are equivalent to a single 
pressure. 


When the rotating body is a lamina with the axis Oz in its 
plane, the effective forces of an element distant x from Oz are 
—wmx and fmx, x being the radius of the circle described by the 
element. It follows from the principles of elementary hydrostatics 
or from the reasoning of Art. 47 that the resultants of these two 
sets of parallel forces are respectively equal to —w Ma and fMx 
and that both act at the centre of pressure of the area, the axis 
of suspension being regarded as in the surface of the fluid. The. 
position of the centre of pressure is known whenever the area has 
equimomental points (Art. 47). In such cases the pressure at the 
axis of suspension due to the effective forces acts at the projection 
of the centre of pressure on the axis. 


Ex. 1. A heavy body can turn freely about a horizontal axis Oz which is a 
principal axis at O. It starts from rest with the plane GOz through the centre of 
gravity G horizontal. Show that the pressure due to the effective forces alone 
makes an angle with the plane GOz whose tangent is half the tangent of the angle 
which the plane GOz makes with the vertical. 

Ex. 2. A quadrant of a circle of radius a can turn freely about a bounding 
radius as a horizontal axis. Show that the pressures on the axis are equivalent to 
two pressures, one equal to the weight of the lamina acting at a point of the fixed 
radius distant 4a/37 from the centre, and the other at a point which divides that 
radius in the ratio 3 : 5, 

Ex. 38. An elliptic lamina can turn freely about the straight line joining the 
extremities 4 and B of the principal diameters and this axis is fixed in a vertical 
position. If the lamina is set in rotation with an angular velocity w, such that 
(a? — b?) w =49 (a? +02), prove that the pressures on the axis are equivalent to a 
single force acting at the foot of the perpendicular from the centre on the axis. 
Should the end A or B be highest? 


Ex. 4, A lamina can turn freely about an axis Oz in its plane as a fixed axis. 
It is struck by a blow P at any point A of its area in a direction perpendicular to 
the lamina. Show that the statical pressure on the axis is equal to a blow P acting 
at B where AB is a perpendicular to Oz. Show also that the pressure due to the 
effective forces is equal to a blow Pzé/k? acting at O in a direction opposite to the 
blow at B. Here the origin O is the principal point of the axis, Z and é are the 
distances of the centre of gravity and of A from Oz, Mk? is the moment of inertia 
about Oz. What is the condition that the pressure on the axis should be equivalent 
to a couple? 

Ex. 5. A triangular lamina ABC oscillates about the side 4B as a horizontal 
axis. Show that the length of the equivalent pendulum is A/e where A is the area, 
If the corner C is suddenly fixed, prove that the impulsive pressures at the corners 
A and B are equal. 


Ex. 6. A door is suspended by two hinges from a fixed axis making an angle a 
with the vertical. Find the motion and pressures on the hinges. 


Since the fixed axis is evidently a principal axis at the middle point, we shall 
take this point for origin. Also we shall take the plane of wz so that it contains 
the centre of gravity of the door at the moment under consideration. 


The only force acting on the door is gravity, which may be supposed to act at 
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the centre of gravity. We must first resolve this parallel to the axes. Let ¢ be 
the angle the plane of the door makes with a vertical plane through the axis of 
suspension. If we draw a plane zON such that its trace ON on the plane of xOy 
makes an angle ¢ with the axis of x, this will be the vertical plane through the 
axis; and if we draw OV in this plane making zOV=a, OV will be vertical. 
Hence the resolved parts of gravity are 
X=gsinacos¢, Y=gsinasing, Z=-—gcosa. 
Here ¢ is the angle the moving plane zOG makes with the fixed plane zON, and is 
therefore measured from ON towards OG. Hence f in Art, 112 is here — ¢. 
Since the resolved parts of the effective forces are the same as if the whole mass 

were collected at the centre of gravity, the six equations of motion are 

Mg sina cos¢+F+F'=-—w?MZ...... (1), 

Mg sinasin¢+G+G=-—¢MzZ...... (2), 


— Mg cosat+H+ H'=0 ..........00. (3), 
= (Gat G/a=Onaseeine secs (4), 
Mg cos az + Fa — F’G=0 ..,...2.000..- (5), 


—Mg sinasing. T=Mk”. ¢...... (6). 
Integrating the last equation, we have 
C+2g sina cos ¢.z7=k2w?, 
Suppose the door to be initially placed 
at rest, its plane making an angle @ with J 
the vertical plane through the axis; then 
when ¢=6, w=0; hence 
k’2w2%=29% sina (cos ¢—cosf), k2é=-gsinasing.z. 
By substitution in the first four equations F, F'’, G, G’ may be found. 


Ex. 7. A square lamina is suspended by two hinges at two adjacent corners, 
from a fixed axis making an angle a with the vertical, prove that the pressure at 
the upper hinge can never be entirely along the axis, but that the pressure on the 
lower hinge can be entirely along the axis provided cota lies between 1 and 4. 
Prove also that if this be so the angle 6 made by the plane of the lamina in its 
highest position with the vertical plane is given by 3 cos8=5-—2cota. [Caius, 1899. 


115. Dynamical and geometrical similarity. It should 
be noticed that the equations of Arts. 112 and 113 do not depend 
on the form of the body, but only on its moments and products of 
inertia. We may therefore replace the body by any equimomental 
body that may be convenient for our purpose. 


This consideration will often enable us to reduce the compli- 
cated forms of Art. 112 to the simpler ones given in Art. 110. 
For though the body may not be symmetrical about a plane 
through its centre of gravity perpendicular to the axis of sus- 
pension, yet if the momental ellipsoid at the centre of gravity is 
symmetrical about this plane we may treat the body as if it were 
really symmetrical. Such a body may be said to be dynamically 
symmetrical. If at the same time the forces are symmetrical 
about the same plane, and this will always be the case if the axis 
of suspension be horizontal and gravity is the only force acting, 
we know that the pressures on the axis must certainly reduce to 
a single pressure, which may be found by Art. 110. 
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116. Ex. 1. A uniform heavy lamina in the form of a sector of a circle is 
suspended by a horizontal axis parallel to the radius which bisects the are, and 
oscillates under the action of gravity. Show that the pressures on the axis are 
equivalent to a single force, and find its magnitude. 

Ex. 2. An equilateral triangle oscillates about any horizontal axis situated in 
its own plane, show that the pressures are equivalent to a single force and find its 
magnitude. ; 


117. Permanent axes of Rotation. Let us suppose that 
any point O of a body under no forces is fixed in space and that it 
is set in rotation about some axis which we may call Oz. We may 
enquire what are the necessary conditions that the body should 
continue to rotate about that axis as if it were fixed in space. 
When these conditions are satisfied the axis is called a permanent 
axis of rotation at the point O. 

To determine these conditions let us suppose some other 
point A of the axis to be also fixed in space. Then by using the 
method of Arts. 112 or 113 we may determine the pressures at A 
which are necessary to fix the axis. If these are zero the attach- 
ment at A is unnecessary and may be removed. The body will 
then continue to rotate about Oz as if it were fixed in space. 


Since there are no impressed forces acting on the body, the 
whole pressure on the axis is that due to the effective forces. If 
the axis Oz is a principal axis at any point of its length the pres- 
sure due to the effective forces will act at that point (Art. 114). 
Hence the pressure at A cannot be zero unless that point coincide 
with O. The conditions are therefore satisfied if the axis of rotation 
Oz is a principal axis at the fixed point O. 

If the axis Oz is not a principal axis at any point we shall 
prove that it cannot be a permanent axis of rotation. To prove 
this we must practically return to the equations (4), (5)’ and (6) 
of Art.112. Let F, G, H, F’, G’, H’ be the pressures at O and A. 
Then a=0,a’= OA. Taking moments about Oz we have Mk?f=0; 
thus the angular velocity of the body about the axis Oz is constant. 


It easily follows that #=— w*x, j =— wy, =0. Taking moments 
about the axes of w and y we have (Art. 72) 
— Ga = =m (yz — 2) =  w Smyz, 
F'a' = 2m (2# — 22) = — w*X maz. 


; ' 
Thus #” and G’ cannot be zero unless Smxz = 0 and =myz = 0, Le. 


Oz canuot be a permanent axis of rotation unless it is a principal 
axis at the fixed point 0. 


The existence of principal axes was first established by Segner in the work 
Specimen Theoriae Turbinum. His course of investigation is the opposite to that 
pursued in this treatise. He defines a principal axis to be such that when a body 
revolves round it the forces arising from the rotation have no tendency to alter the 
position of the axis. From this dynamical definition he deduces the geometrical 
properties of these axes, The reader may consult Prof. Cayley’s report to the 
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British Association on the special problems of dynamics, 1862, and Bossut, Histoire, 
des Mathématiques, Tome 11. 


118. A body at rest with one point O fixed in space is acted 
on by an impulsive couple, it is required to find the initial axis of 
rotation. Let Oz be the initial axis. As before we shall regard 
this axis as fixed at some other point A, at which the pressures are 
to be equated to zero. Let LZ, M, N be the resolved parts of the 
couple about the axes. The plane of the couple is therefore 

DBE Mg Ad Cs Oviwinoncssmesyoenca dyes (1). 
Let wu’, v’', w’ be the initial velocities of an element of the body 
whose coordinates are x, y, z, and let w’ be the initial angular 
velocity of the body. Then w’=— yo’, v' =ao’ exactly as in Art: 
113. Taking moments about the axes of a, y, z we have 


L—G@a' = Sm (yw — 20’) =— Smaz.o') 
M+ F’d' = Xm (zw — aw’) =—  rmyz.o’ 
N= Mk?o’ 


Here F”, G’ are, as before, resolved parts of the pressure at A, and 
OA=a’. Putting F’=0, G’=0, these equations give the couples 
which must act on the body to produce rotation about Oz. Sub-. 
stituting the values of L, M, N in (1), the equation to the plane 
of the couple is = — Xmazé — Ymyzn + MhPCH0.. eee eee (2). 
Let the momental ellipsoid at the fixed point O be constructed 
and let its equation be 
A& + By? + CE? — 2Dnf—2h6E—-2FEn= K. 

The diametral plane of the axis of ¢ is 

ES eI A Ole nas om sag oinigiah seca (3). 


Comparing (2) and (3) we see that the plane of the resultant 
couple must be the diametral plane of the axis of revolution. 


If then a body at rest with one point fixed be acted on by any 
couple it will begin to rotate about the diametral line of the plane 
of the couple with regard to the momental ellipsoid at the fixed point. 
Thus a body will begin to rotate about a perpendicular to the 
plane of the couple only when the plane of the couple is parallel 
to a principal plane of the body at a fixed point. 


119. Ex.1. If a body at rest have one point O fixed and be acted on by any 
couple whose axis is a radius vector OP of the ellipsoid of gyration at O, the body 
will begin to turn about a perpendicular from O on the tangent plane at P. 


Ex. 2. A solid homogeneous ellipsoid is fixed at its centre, and is acted on by a 
couple in a plane whose direction-cosines referred to the principal diameters are 
(l, m, n). Prove that the direction-cosines of the initial axis of rotation are pro- 

m n 
b2 +4 ¢2’ c2+ a2 and a? +2" 

Ex. 3, Any plane section being taken of the momental ellipsoid of a body at a 

fixed point, the body may be made to rotate uniformly about either of the principal- 


portional to 
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diameters of this section asa fixed axis by the application of a couple of the proper 
magnitude whose axis is the other principal diameter. 

For assume the body to be turning uniformly about the axis of z. Then the 
couples which must act on the body to produce this motion are L= wo Imyz, 
M= —w?>maz, N=0, Art. 112. Then by taking the axis of x such that Zmaz=0 
we see that the axis of the couple must be the axis of « and the magnitude of the 
couple will be L=w?Zmyz. 


Ex. 4. A body having one point O fixed in space is made to rotate uniformly 
about any proposed straight line by the application of the proper couple. The 
position of the axis of rotation when the magnitude of the couple is a maximum, 
has been called an axis of maximum reluctance. Show that there are six axes of 
maximum reluctance, two in each principal plane, each two bisecting the angles 
between the principal axes in the plane in which they are. 

Let the axes of reference be the principal axes of the body at the fixed point, let 
(1, m, n) be the direction-cosines of the axis of rotation, (\, u, v) those of the axis of 
the couple G. Then by the last question and the second and third examples of 

» ae be a v 
(B—C)mn (C—A)ni- (A-B) lm’ 
G?/w4= (A — B)? Pm? + (BC)? m?n? + (C — A)?n?P. 

We have then to make G a maximum by variation of (Imn) subject to the 
condition /?+m?+n?=1. The positions of these axes were first investigated by 
Mr Walton in the Quarterly Journal of Mathematics, 1866, Vol. vit. p. 376. 


Art. 18, we have 


120. The Centre of Percussion. When the fixed axis is 
given and the body can be so struck that there is no impulsive 
pressure on the axis, any point in the line of action of the force is 
called a centre of percussion. 


When the line of action of the blow is given, the axis about 
which the body begins to turn is called the aais of spontaneous 
rotation. It obviously coincides with the position of the fixed 
axis in the first case. 


Let us begin by considering the motion in two dimensions. 
Imagine a lamina at rest and suspended from a point CO with the 
centre of gravity G vertically under C. Let it be struck by a 
horizontal blow Y which we may suppose to act in the plane of 
the lamina at some point A in CG produced. Let CA=a. Let F 
and G be the impulsive reactions at the fixed point CO. Let ’ be 
the angular velocity of the body round C just after the blow Y has 
been given. The equations of motion, exactly as in Art. 110, are 


‘ Ya Y+@ 
heref ‘== 7 ‘= —_— = 
therefore @ Mie +i’ ho’= i Orr. 
If the pressure @ on the fixed point is zero, we have by elimina- 
ting Y, ee +h? = ah. 


By Art. 92 this shows that A must. be the centre of oscillation of 


the body. The centre of oscillation is therefore a centre of per- 
cussion. 
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Prop, A body is capable of turning freely about a fixed axis. To determine the 
conditions that there shall be a centre of percussion and to find its position. 

Take the fixed axis as the axis of z, and let the plane of wz pass through the 
centre of gravity of the body. Let X, Y, Z be the resolved parts of the impulse, and 
let &, 7, ¢ be the coordinates of any point in its line of action. Let Mk be the 
moment of inertia of the body about the fixed axis. We have now to find the 
pressures on the axis, and by equating these to zero we shall discover the conditions 
for a centre of percussion, The process is virtually the same as that already 
explained in Art. 113 and again in Art. 117. It seems unnecessary to repeat the 
steps. Putting y=0 and omitting the impulsive pressures on the axis because by 
hypothesis they are to be equated to zero, the six equations of motion of Art. 113 


become MED) ME COS O\y AW ssadsosacnassesousrcbseose: (1). 
Z — ¢Y = — (wv! — w) Dmaxz 
6X - EZ = — (w' — w) Dmyz 
EY—7X= (w'-w) Mk? 

From these equations we may deduce the following conditions. 

I, From (1) we see that X=0, 7=0, and therefore the force must act perpen- 
dicular to the plane containing the axis and the centre of gravity. 

II. Substituting from (1) in the first two equations of (2) we have 2myz=0 and 
(ez a . Since the origin may be taken anywhere in the axis of rotation, let it be 
so chosen that ¢=0. Then the axis of z must be a principal axis at the point 
where a plane passing through the line of action of the blow perpendicular to the 
axis cuts the axis. Thus there can be no centre of percussion unless the axis be a 
principal axis at some point in its length. 


: Bee 
III. Substituting from (1) in the last equation of (2) we have a= DY, 
Art. 92 this is the equation to determine the centre of oscillation of the body about 
the fixed axis treated as an axis of suspension. Hence the perpendicular distance 
between the line of action of the impulse and the fixed axis must be equal to the 
distance of the centre of oscillation from the axis. 

If the fixed axis be parallel to a principal axis at the centre of gravity, the line 
of action of the blow will pass through the centre of oscillation. 

Ex. 1. A circular lamina rests on a smooth horizontal table; how should it be 
struck that it may begin to turn round a point on its circumference? ‘The line of 
action of the blow should divide the perpendicular diameter in the ratio 3:1. 

Ex. 2, A pendulum is constructed of a sphere (radius a, mass M) attached to 
the end of a thin rod (length b, mass m). Where should it be struck at each oscil- 
lation that there may be no impulsive pressures to wear out the point of support? 
The point is at a distance J from the point of support, where 

{M (a+b) +4mb} l= M {207+ (a+b)?} +4mb*. 


121. The Ballistic Pendulum. It is a matter of con- 
siderable importance in the Theory of Gunnery to determine the 
velocity of a bullet as it issues from the mouth of a gun. By 
means of it we obtain a complete test of any theory we have 
reason to form concerning the motion of the bullet in the gun. 
We may thus find by experiment the separate effects produced by 
varying the length of the gun, the charge of powder, or the weight 
of the ball. By determining the velocity of a bullet at different 
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distances from the gun we may discover the laws which govern the 
resistance of the air. 

It was to determine this initial velocity that Robins about 
1743 invented the Ballistic Pendulum. Before his time but little 
progress had been made in the true theory of military projectiles. 
His New Principles of Gunnery was soon translated into several 
languages, and Euler added to his translation of it into German 
an extensive commentary. The work of Euler was again trans- 
lated into English in 1784, The experiments of Robins were ail 
conducted with musket balls of about an ounce weight, but they 
were afterwards continued during several years by Dr Hutton, 
who used cannon balls of from one to nearly three pounds in 
weight. 

There are two methods of applying the ballistic pendulum, 
both of which were used by Robins. In the first method, the gun 
is attached to a very heavy pendulum; when the gun is fired the 
recoil causes the pendulum to turn round its axis and to oscillate 
through an arc which can be measured. The velocity of the 
bullet can be deduced from the magnitude of this arc. In the 
second method, the bullet is fired into a heavy pendulum. The 
velocity of the bullet is itself too great to be measured directly, 
but the angular velocity communicated to the pendulum may be 
made as small as we please by increasing its bulk. The are of 
oscillation being measured, the velocity of the bullet can be found 
by calculation. 


The initial velocity of a small bullet may also be determined by 
the use of some rotational apparatus. Two circular discs of paper 
are attached perpendicularly to the straight line joining their 
centres, and are made to rotate about this straight line with a 
great but known angular velocity. Instead of two discs, a cylinder 
of paper might be used. The bullet being fired through at least 
two of the moving surfaces, its velocity can be calculated when 
the situations of the two small holes made by the bullet have 
been observed. This was originally an Italian invention, but it 
was much improved and used by Olinthus Gregory in the early 
part of last century. 

The electric telegraph is now used to determine the instant at 
which a bullet passes through any one of a number of screens 
through which it is made to pass. The bullet severs a fine wire 
stretched across the screen and thus breaks an electric circuit. 
This causes a record of the time of transit to be made by an 
instrument expressly prepared for this purpose. By using several 
screens the velocities of the same bullet at several points of its 
course may be found. The ballistic pendulum is thus more of 
theoretical and historical interest than of practical importance. 
The two instruments now chiefly used for observations on the 
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velocities of bullets are, the chronograph invented by Bashforth 
and used by the English government, and the chronograph in- 
vented by Major Le Boulengé of the Belgian artillery. 


122. A rifle is attached in a horizontal position to a large 
block of wood which can turn freely about a horizontal amis. The 
rifle being fired, the recoil causes the pendulum to turn round its 
axis until brought to rest by the action of gravity. A piece of 
tape ws attached to the pendulum, and is drawn out of a reel 
during the backward motion of the pendulum, and thus serves to 
measure the amount of the angle of recoil. It is required to find 
the velocity of the bullet. 

The initial velocity of the bullet is so much greater than 
that of the pendulum that we may suppose the ball to have left 
the rifle before the pendulum has sensibly moved from its initial 
position. The initial momentum of the bullet may be taken as 
a measure of the impulse communicated to the pendulum. 

Let A be the distance of the centre of gravity from the axis 
of suspension ; f the distance from the axis of the rifle to the axis 
of suspension; c the distance from the axis of suspension to the 
point of attachment of the tape, m the mass of the bullet; M that 
of the pendulum and rifle, and n the ratio of M to m; b the 
chord of the arc of the recoil which is measured by the tape. Let 
k’ be the radius of gyration of the rifle and pendulum about the 
axis of suspension, v the initial velocity of the bullet. 

The explosion of the gunpowder generates equal impulsive 
actions on the bullet and on the rifle. Since the initial velocity of 
the bullet is v, this action is measured by mv. The initial angular 
velocity generated in the pendulum by the impulse is by Art. 89 
o= Has . The subsequent motion is given (Art. 92) by 
k?6=—ghsinO; .°. k?@=C+2gh cos 0: 
when 9=0 we have 6=, and if a is the angle of recoil, when 
6=a,0=0. Hence k?w?=2gh(1—cosa). Eliminating we have 
of =nk' .2sin4a/gh. But the chord of the arc of the recoil is 
b=2csin$a. Hence the initial velocity of the bullet is given by 


mv .of = Mbk' /gh. 
The magnitude of k’ may be found experimentally by ob- 
serving the time of a small oscillation of the pendulum and rifle, 


2 
If 7 be a half-time we have 7’ = n/e, (Art. 97.) 


This is the formula given by Poisson in the second volume of 
his Mécanique. The reader will find in the Philosophical Magazine 
for June, 1854, an account of some experiments conducted by 
Dr S. Haughton from which, by the use of this formula, the initial 
velocities of rifle bullets were calculated. 
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123. The formula must however be regarded only as a first approximation, for 
the recoil due to the inflamed powder has been neglected. To make some allowance 
for this Hutton assumed that the effect of a given charge of powder on the recoil 
of the gun was the same with as without a ball. Let p be the unknown momen- 
tum generated by the powder. By trying the experiment, with equal charges of 
powder, first with and then without a ball, and writing mv+p and p for mv in the 
two experiments he was able to eliminate p and deduce the value of v. With 
large charges of powder, the results thus obtained did not agree sufficiently with 
those obtained by firing the ball into a pendulum (Art. 124). The assumption was 
therefore not altogether justified by the experiments and further corrections were 
made. 


124. A gun is placed in front of a heavy pendulum, which can turn freely about 
a horizontal axis. The ball strikes the pendulum horizontally, penetrates into the 
wood a short distance, and communicates a momentum to the pendulum. The chord 
of the arc being measured as before by a piece of tape, find the velocity of the bullet. 

The time, which the bullet takes to penetrate, is so short that we may suppose 
it completed before the pendulum has sensibly moved from its initial position. 

Let i be the distance of the ball from the axis of suspension at the moment 
when the penetration ceases; let 7 be the perpendicular distance between the axis 
and the direction of motion of the bullet; let 6 be the angle the length 7 makes 
with the length represented by i, so that j=icos8. Then if we follow the same 
notation as before we have at the moment when the impact is concluded 


mvi cos B= (Mk? + mi?) w; 
also proceeding as before we may prove 
(Mk’? + mi?) w? =2Mgh (1 — cos a) + 2mgi {cos B — cos (a—B)}. 
If the gun be placed as nearly as possible opposite the centre of gravity of the 
pendulum we have h=j nearly, and if the pendulum be rather long 8 will be very 
small. Hence, since m is small compared with M, we may as an approximation put 
i=h and B=0 in the terms which contain m as a factor; we thus find 
M+m bh ;— 

mm go 
where 1 is the distance of the centre of oscillation of the pendulum and ball from 
the axis of suspension. 


The inconvenience of this construction as compared with the former is that the 
balis remain in the pendulum during the time of making one whole set of experi- 
ments. The weight, and the positions of the centres of gravity and oscillation, 
will be changed by the addition of each ball which is lodged in the wood. Even 
then the changes produced in the pendulum itself by each blow are omitted. A 
great improvement was made by the French in conducting their experiments at 
Metz in 1839, and at L’Orient in 1842. Instead of a mass of wood, requiring 
frequent renewals, as in the English pendulum, a permanent récepteur was substi- 
tuted. This receiver is shaped within as a truncated cone, which is sufficiently 
long to prevent the shot from passing entirely through the sand with which it is 
filled. The front is covered with a thin sheet of lead to prevent the sand from 
being shaken out. This sheet is marked by a horizontal and by a vertical line, the 
intersection corresponding to the axial line of the cone, so that the actual position 
of the shot when entering the receiver can be readily determined by these lines. 


125, Ex. 1. Show that after each bullet has been fired into a ballistic pen- 
dulum constructed on the English plan, h must be increased by (j —h)m/M and 
l by (j-1)m/M nearly in order to prepare the formula for the next shot, 
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Ex. 2. Dr Haughton found that, for rifles fired with a constant charge, the 
initial velocity of the bullet varies as the square root of the mass of the bullet 
inversely and as the square root of the length of the gun directly. Show from this 
that the force developed by the explosion of the powder, diminished by the friction 
of the barrel, is constant as the ball traverses the rifle. 


Dr Hutton found that in smooth bores the velocity increases in a ratio some- 
what less than the square root of the length of the gun, but greater than the cube 
root of the length. 


Ex. 3. If the velocity of a bullet issuing from the mouth of a gun 30 inches 
long be 1000 feet per second, show that the time the bullet takes to traverse the gun 
is about z+, of a second. 


Ex, 4. It has been found by experiment that, if a bullet be fired into a large 
fixed block of wood, the depth of penetration of the bullet into the wood varies 
nearly as the square of the velocity, though as the velocity is very much increased 
the depth falls short of that given by this rule. Assuming this rule, show that 
the resistance to penetration is constant and that the time of penetration is the 
ratio of twice the depth to the initial velocity of the bullet. In an experiment 
of Dr Hutton’s a ball fired with a velocity of 1500 feet per second was found to 
penetrate about 14 inches into a block of sound dry elm: show that the time of 
penetration was 4+, of a second. 


126. Tue AnemommeteR, The Anemometer called a ‘‘Robinson”’ consists of 
four hemispherical cups attached to four horizontal arms which turn round a 
vertical axis. The wind blows into the hollows on one side of the axis and against 
the convex surfaces of the cups on the other. If the anemometer start from rest, 
it will turn quicker and quicker until the moment of the pressures of the wind 
balances the moment of the resistances. Let V be the velocity of the wind and v 
the velocity of the centres of the cups. Let 0 be the angle between the direction of 
motion of any one cup and that of the wind. Then the velocity of the centre of 
that cup relatively to the wind will be v’, where 


ee = UAV COS Oca waoneerehecanieecencencosenstiges (1). 


The determination of the pressure of the wind on the cups is properly a problem 
in hydrodynamics, but no solution has yet been found. In the meantime we may 
assume as an approximation the law, suggested by numerous experiments, that the 
resistance to a body moving in a straight line in a fluid varies as the square of the 
relative velocity. In any one position of the anemometer the parts of any one cup 
have different velocities relative to the wind. We shall therefore take as our 
expression for the moment about the axis of the anemometer of the resultant 
pressure of the wind some quadratic function of V and v, such as 

CVD BVO Arye segsedens deck caaaueruncemeserateeties (2), 
where a, 8, y depend in some manner as yet unknown on the position of the cups 
relatively to the wind, 

Thus a, 8, y are functions of @ and will change as the cups turn round the axis. 
What we want however is the average effect on the anemometer. The mean for 
space is found by multiplying this expression by dé and integrating from 6=0 to 
Qn and finally dividing by 27. If F be the mean moment about the axis of the 
anemometer of the wind pressure, we have 

Biz A V4 OB Vibe Coa ame eee cae tivation (3), 


where 4, B, C are constants which depend on the pattern of the anemometer. 
The signs of these coefficients may be determined by the following reasoning. 
When the anemometer starts from rest, the initial moment of the wind pressure is 


7 


Re D, 
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regarded as positive. When the cups begin to move, the pressure begins to decrease, 
so that = must be negative when v is small; it follows that the sign of the 
coefficient of Vv in (3) must be negative. Finally, if the wind cease when the cups 
are in motion so that V=0, the resistance of the quiescent air must tend to stop the 
cups. It follows that the coefficient of v? in (3) must be also negative. 


127. When the anemometer has attained its final state of motion, we must 
have F equal to the mean moment of the friction on the supports. The instru- 
ment should be so arranged that the friction due to its weight is as small as 
possible. We may then omit this friction, as our formula is only an approximation. 
The supports of the anemometer have also to sustain the lateral pressure of the 
wind. Probably the greater part of the friction thus produced is proportional to 
the pressure of the wind, and may be included in the formula (3) by an alteration of 
the constants. As these constants are determined by experiment, we may suppose 
all forces which are quadratic functions of the velocities to be included in the 
expression for F. 

In the Observatory at Greenwich an inverted cup rotating in oil on a fixed 
conical point is used for the vertical bearing. No further correction is made for 
friction. This arrangement appears to be very successful, the instrument is very 
sensitive and exhibits a slow rotation with a very slight movement of the air. 

When f is equated to zero, we have a quadratic to determine the ratio of V to 
v. Let m be the positive root thus found. Then the velocity of the centre of any 
cup being observed, the velocity of the wind is found by simply multiplying this 
observed quantity by m. We may notice that m is independent of the speed of the 
wind, and of the size of the machine. It depends however on the pattern of the 
machine. 


128. A variety of experiments have been made to determine the numerical 
value of m. In some of these the anemometer is attached to the outer edge of a 
whirling-machine. The axis of the anemometer is thus made to move round with 
a constant velocity V. If the experiment be made on a calm day, this will represent 
the effects of a wind of the same velocity on a fixed anemometer. The value of v 
can be found by counting the number of revolutions of the anemometer in space. 
In a paper in 1850, published in the Irish Transactions, Dr Robinson gives m=3 as 
the mean value of the ratio as determined by experiments of this kind. This value 
of m has been generally adopted. 


Other experiments made in Greenwich Park in 1860 led to the same value of m. 
These results were considered as confirming in a very high degree the accuracy of 
this ratio. See the Greenwich Observations for 1862. About 1872 further experi- 
ments were made with a steam merry-go-round for a whirling-machine. These are 
described by Sir G. Stokes in the Proceedings of the Royal Society for May, 1881. 

According to some expcriments conducted by W. H. Dines in 1889 the value 
m=3 for anemomeiers of the Kew pattern is too high, and if these results are con- 
firmed the registered wind velocities are in excess of the truth. See the report of 
the wind-force committee on the factor of the Kew pattern Robinson anemometer, 
Meteorological Society, Dec. 1889. 


Another method of conducting the experiments is to have two similar anemo- 
meters rotating about fixed axes and to apply to one of them a known retarding 
force of some kind which may diminishits v. Thus we have two different machines 
moving with different, but known, velocities round their respective axes, from each 
of which we should deduce the same velocity for the wind. This leads to two equa- 
tions between which we may eliminate the unknown velocity of the wind. We thus 
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obtain an equation connecting the constants A, B, C and the known retarding force. 
Repeating the experiment, we may obtain a sufficient number of equations to find 
these constants. The value of m may then be found in the manner explained in 
Art. 127. The practical difficulty in this method of conducting the experiments is 
that of finding a known uniform retarding force which may be conveniently applied 
to the anemometer. The reader may consult a paper by Dr Robinson in the Phil. 
Trans. for 1880. 


129. Ex. 1. Supposing the value of F to be represented by AV2—2BVv, as 
indicated by some experiments, show that, if an anemometer start from rest, the 
velocity v of the cups will continually increase and tend to a certain finite limit. 
Show also that the time, at which the actual velocity of the cups is any given 
fraction of the limiting velocity, varies as the moment of inertia of the anemometer 
about its axis, and inversely as the velocity of the wind. 


Ex. 2, When the anemometer was attached to the outer edge of a merry-go- 
round, as described above, it was impossible to find a perfectly calm day. If W be 
the velocity of the wind, which is supposed to be small, then allowance may be 
made for W if in the formula F=AV?-—2BVv we write V+«W2/V for V, where x 
is t or # according as the moment of inertia of the anemometer about its axis is 
very small or very great. The anemometer is supposed to be without friction. 
This theorem is due to Sir G. Stokes: a demonstration is given in the Proceedings 
of the Royal Society for May, 1881. 


Ex. 3. An anemometer without friction is acted on by a gusty wind whose 
velocity may be represented by the formula V (1+asin nt), where a is so small that 
its square can be neglected. Show that the velocity of any cup will be represented 
by an expression of the form v {1+acosnBsin n(t—£)}, so that the anemometer 
follows all the changes in the force of the wind after an interval 6. Here 
AV?—2BVv — Cv?=0, and tan eee where a is the distance of the 
centre of a cup from the axis, and J is the moment of inertia of the machine 
about the axis. 


The velocities of the currents of air in mines are usually determined by the aid 
of anemometers of a somewhat different construction. The principle of these is 
similar to that of Whewell’s anemometer. They are formed of several light vanes 
placed on a horizontal axis like the sails of a windmill on a small scale but more 
numerous. The axis is attached to a dial or some other apparatus by which the 
number of revolutions made by the little windmill can be read off. If V be the 
velocity of the wind and v the reading of the anemometer it is found by experiment 
that between certain limits V=av +), where a and D are two constants which depend 
on the pattern of the anemometer and the friction which the wind has to overcome. 
The reader may consult a paper by Mr Snell in the Engineer, June 23, 1882. 

The Annals of the Astronomical Society of Harvard College, Vol. xu. contains 
an appendix by S. P. Fergusson on anemometer comparisons made in the years 
1892—94 in Massachusetts. There is also a paper by C. Chree on the theory of the 
Robinson cup anemometer, Phil. Mag. 1895, 


CHAPTER IV 
MOTION IN TWO DIMENSIONS 


On the Equations of Motion 


130. THE position of a body in space of two dimensions may 
be determined by the coordinates of its centre of gravity, and 
the angle some straight line fixed in the body makes with some 
straight line fixed in space. These three have been called the 
coordinates of the body, and it is our object to determine them 
in terms of the time. 


It will be necessary to express the effective forces of the 
body in terms of these coordinates. The resolved parts of these 
effective forces parallel to the axes have been already found in 
Art. 79, all that is now necessary is to find their moment about 
the centre of gravity. If (w’, y’) be the coordinates of any particle 
of mass m referred to rectangular axes meeting at the centre of 
gravity and parallel to the axes fixed in space, this moment has 
been shown in Art. 76 to be equal to h, where 


h= Xm(e'y —y'2’). 

Let @ be the angular coordinate of the body, ie. the angle 
some straight line fixed in the body makes with some straight line 
fixed in space. Let (7’, ¢’) be the polar coordinates of any particle 
m referred to the centre of gravity of the body as origin. Then 
r’ is constant throughout the motion, and ¢’ is the same for every 


particle of the body and equal to 6. Thus the angular momentum h, 
exactly as in Art. 88, is 


h= im (xy! — y'é’) = Xm (r'2d’) = (Smr’”) di’ 
= Mk, 
where Mk? is the moment of inertia of the body about its centre 
of gravity. 

The angle @ is the angle some straight line fixed in the body 
makes with a straight line fixed in space. Whatever straight 
lines are chosen d@/dt is the same. If this is not obvious, it may 
be shown thus. Let OA, O’A’ be any two straight lines fixed in 
the body inclined at an angle a to each other. Let OB, O'B' be 
two straight lines fixed in space inclined at an angle B to each 
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other. Let AOB=06, A’0'R’ =@, then 6+ 8=0+a. Since a 
and 8 are independent of the time, 6= 6. By this proposition 
we learn that the angular velocities of a body in two dimensions 
are the same about all points. 


131. The general method of proceeding will be as follows. 


Let (#, y) be the coordinates of the centre of gravity of any 
body of the system referred to rectangular axes fixed in space, 
M the mass of the body. Then the effective forces of the body 
are together equivalent to two forces measured by Mee. tee 
acting at the centre of gravity and parallel to the axes of co- 

2 
ordinates, together with a couple measured by Me oe 
turn the body about its centre of gravity in the direction in which 
@ is measured. By D’Alembert’s principle the effective forces of 
all the bodies, if reversed, will be in equilibrium with the impressed 
forces. The dynamical equations may then be formed according 
to the ordinary rules of statics. See Art. 83. 


Suppose we wish to resolve the forces parallel to the axes of 
zand y and to take moments about the centre of gravity. Let 
the impressed forces acting on the body, together with the re- 
actions due to the other bodies if any, be equivalent to the forces 
X and Y acting at the centre of gravity and a couple LZ. The 
equations of motion of that body are evidently 

dx d?y 200 _ 
Man = 4%, Maa We BUN de L. 

It is found useful in statics to be able to resolve in other 
directions besides the axes and to be able to take moments about 
any point we please. In this way we often greatly shorten and 
simplify the solution. Thus if we wish to avoid the introduction 
into our equations of some unknown reaction we take moments 
about the point of application or use the principle of virtual 
velocities. So in dynamics we are at liberty to resolve our forces 
and take moments at pleasure. For example, if we take moments 
about a point C whose coordinates are (§, 7) we have an equation 
of the form 


tending to 


2 a? x CO 
Ma — |G) Gel + ME Ge aL 
where L’ is the moment about C of the impressed forces. In this 
equation (£, 7) may be the coordinates of any point whatever, 
whether fixed or moving. 


In resolving our forces we may replace the Cartesian ex- 


d? do\? ld d 
pressions by the polar forms M ia —r (=) and M ai (r° *) 
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for the resolved parts parallel and perpendicular to the radius 

vector. If v be the velocity of the centre of gravity, p the radius 

of curvature of its path, we may sometimes also use with advantage 
ie . 

the forms u@ and M~ for the resolved parts of the effective 
p ' 

forces along the tangent and radius of curvature of the path of 

the centre of gravity. 


As a guide to a proper choice of the directions in which to 
resolve the forces or of the points about which we should take 
moments we may mention two important cases, 


132. First, we should search if there be any direction fixed in 
space in which the resolved part of the impressed forces vanishes. 
By resolving in this direction we get an equation which can be 
immediately integrated. Suppose the axis of « to be taken in 
this direction; let M, M’, &c. be the masses of the several bodies, 
x, «’, &e. the abscisse of their centres of gravity, then by Art. 78 


da ee - 
or 131, we have M_tM get =, 
which by integration gives M eo + M’ = eee 0, 


where C is some constant to be found from the initial conditions. 
This equation may be again integrated if necessary. 


This result might have been derived from the general principle 
of the conservation of the motion of translation of the centre of 
gravity laid down in Art. 79. For, since there is no impressed force 
parallel to the axis of #, the velocity of the centre of gravity of 
the whole system resolved in that direction is constant. 


133. Next, we should search if there be any point fixed in 
space about which the moment of the impressed forces vanishes. 
By taking moments about that point we again have an equation 
which admits of immediate integration. Suppose the point to be 
taken as origin, and the letters to have their usual meaning, then 
by the first article of this chapter we have 


“iy dig ao) 
< {at (Gama! ae me et a 


the > referring to summation for all the bodies of the system. 
Integrating we have 


y {dy da de) 
SM (ey zi) + He Gt =o 


where C' is some constant to be determined by the initial con- 
ditions of the question. 


This equation expresses the fact that if the impressed forces 
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have no moment about any fixed point, the angular momentum 
about that point is constant throughout the motion. This result 
follows at once from the reasoning in Art. 78. 


134. Angular Momentum. As we shall have so frequently 
to use the equation formed by taking moments, it is important 
to consider other forms into which it may be put. Let the point 
about which we are to take moments be fixed in space, so that 
it may be chosen as the origin of coordinates. Then the moment 
of the effective forces on the body M is 


d dy dz dé) _ 
a («9 G) + Me GI 2, 


where « and y are the coordinates of the centre of gravity. 


The attention of the reader is directed to the meaning of the 
several parts of this expression. We see that, as explained in 
Art. 78, the moment of the effective forces is the differential 
coefficient of the moment of the momentum about the same point. 
The moment of the momentum by Art. 75 is the same as the moment 
about the centre of gravity together with the moment of the whole 
mass collected at the centre of gravity, and moving with the velocity 
of the centre of gravity. The moment round the centre of gravity 
is by the first article either of Chap. 1. or Chap. Iv. equal to 
Mk? - and the moment of the collected mass is M (« oe -y 5) ‘ 
Hence in space of two dimensions we have for any body of mass M 

dy — da\ 0 
jaar (of —y SP) +k > 

If we prefer to use polar coordinates, we can put this into 
another form. Let (7, ¢) be the polar coordinates of the centre 
of gravity, then 


angular momentum round 
the origin 


dé 

Mk? —. 

Boe dE 

If v be the velocity of the centre of gravity, and p the per- 

pendicular from the origin on the tangent to the direction of 

its motion, the moment of momentum of the mass collected at 
the centre of gravity is Mvp, so that we have again 


dé 
= Mie 
Mop + ai 
It is clear from Art. 75 that this is the instantaneous angular 
momentum of the body about the origin whether it is fixed or 
moving, though in the latter case its differential coefficient with 
regard to ¢ is not the moment of the effective forces. 


angular momentum round e ,dh 
the origin \ Mr 4 


angular momentum round 
the origin 


Since the instantaneous centre of rotation may be regarded as 
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a fixed point, when we have to deal only with the coordinates and 

with their first differential coefficients with regard to the time, we 
have v 
angular momentum round the) _ ete 
instantaneous centre = Mr +B) dt‘ 


If Mk? be the moment of inertia about the instantaneous 
centre, this last moment may be written mere 

In taking moments about any point, whether it be the centre 
of gravity or not, it should be noticed that the Mk’ in all these 
formule is the moment of inertia with regard to the centre of 
gravity, and not with regard to the point about which we are 
taking moments. It is only when we are taking moments about 
the instantaneous centre or about a fixed point that we can use 
the moment of inertia about that point instead of the moment 
of inertia about the centre of gravity, and in these cases our 
expression for the angular momentum includes the angular mo- 
mentum of the mass collected at the centre of gravity. 


135. General Mode of Solution. Suppose we form the 
equations of motion of each body by resolving parallel to the axes 
of coordinates and by taking moments about the centre of gravity. 
We shall get three equations for each body of the form 


Mi =F cos$6+ Reosw+... 
My=F sin.b- hi sin 4 Poa. csaraeen (Gia) 
Mke6 = Fp + Rae a 


where #’ is one of the impressed forces acting on the body, whose 
resolved parts are Fcos¢, F'sin ¢, and whose moment about 
the centre of gravity is Fp, and & is any one of the reactions. 
These we shall call the dynamical equations of the body. 


Besides these there will be certain geometrical equations 
expressing the connections of the system. As every such forced 
connection is accompanied by a reaction, and every reaction by 
some forced connection, the number of geometrical equations will 
be the same as the number of unknown reactions in the system. 


Having obtained the proper number of equations of motion 
we proceed to their solution. Two general methods have been 
proposed. 


first Method of Solution. Differentiate the geometrical equa- 
tions twice with respect to ¢, and substitute for #, 4, 6 from 
the dynamical equations. We shall then have a sufficient number 
of equations to determine the reactions. This method will be 
of great advantage whenever the geometrical equations are of 


the form Ag+ By + COD Riri intersted (2), 
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A, B, C, D being constants. Suppose also that the dynamical 
equations are such that when written in the form (1) they contain 
only the reactions and constants on the right-hand side without any 
x, y, or 8. Then, when we substitute in the equation 
Ad + By + C6 =0, 

obtained by differentiating (2), we have an equation containing 
only the reactions and constants. This being true for all the 
geometrical relations, it is evident that all the reactions will be 
constant throughout the motion and their values may be found. 
' Hence, when these values are substituted in the dynamical equa- 
tions (1), their right-hand members will all be constants and the 
values of «, y, and @ may be found by an easy integration. 


If however the geometrical equations are not of the form (2), 
this method of solution will usually fail. Thus suppose a geo- 
metrical equation to take the form 

+ y = @, 
containing squares instead of first powers, then its second differ- 
ential equation will be 
rit ygt+ #+P=0; 
and, though we can substitute for #, ¥, we cannot in general 
eliminate the terms 2 and 4. 


136. The reactions in a dynamical problem are in many 
cases produced by the pressures of some smooth fixed’ obstacles 
which are touched by the moving bodies. Such obstacles can only 
push, and therefore if the equations show that such a reaction 
changes sign at any instant, it is clear that the body will leave the 
obstacle at that instant. This will occasionally introduce discon- 
tinuity into our equations. At first the system moves under 
certain constraints, and our equations are found on that suppo- 
sition. At some instant to be determined by the vanishing of 
a reaction one of the bodies leaves its constraints, and the 
equations of motion have to be changed by the omission of that 
reaction, Similar remarks apply if the reaction be produced by 
the pressure of one body against another. 

It is important to notice that when this first method of solu- 
tion apples, the reactions are constant throughout the motion, so 
that the above discontinuity can never occur. In this case, then, 
of one body be in contact with another, they will either separate at the 
beginning of their motion or will always continue in contact. Such 
reactions are also independent of the initial conditions, and are 
the same as if the system were placed in any position at rest. 


137. Suppose that in a dynamical system we have two bodies 
which press on each other with a reaction R; let us consider 
how we are to form the corresponding geometrical equation. 
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We have clearly to express the fact that the velocities of the 
points of contact of the two bodies resolved along the direc- 
tion of R are equal. The following proposition will be often 
useful. Let a body be turning about a 
point G with an angular velocity @=o 
in a direction opposite to the hands of a 
watch, and let G be moving in the direc- 
tion GA with a velocity V. It is required 
to find the velocity of any point P re- 
solved in any direction PQ making an 
angle @ with GA. In the time dt the 
whole body, and therefore also the point 
P, is moved through a space Vdt parallel 
to GA, and during the same time P is moved perpendicular to 
GP through a space o.GP.dt. Resolving parallel to PQ, the 
whole displacement of P 


=(Veospt+o. GP sin GPN) dt. 


If GN =p be the perpendicular from @ on PQ, we see that the 
velocity of P parallel to PQ is V cos $+ wp. 


It should be noticed that this expression is independent of the 
position of P on the straight line PQ. It follows that the velocities 
of all points in any straight line PQ resolved along PQ are the 
same. This result will be evident if we remember that all the 
points in the straight line PQ are rigidly connected together, so 
that if the resolved velocities of the points in it were unequal, the 
line PQ would alter in length. 


When therefore we require the velocity of any point P in any 
direction PQ we may replace P by any other point in the line PQ 
so situated that its resolved velocity is more easily found. Usually 
the point V is the most convenient point to use, for without 
quoting a formula, its velocity resolved along PQ is seen by 
inspection to be V cos + wp. 


If (a, y, 0), (a, y’, &) be the coordinates of the two bodies, 
q, 7 the perpendiculars from the points (a, y), (a’, y’) on the direc- 
tion of any reaction R, y the angle the direction of R makes with 
the axis of w, the required geometrical equation will be 


é cos + ysin b+ €g=é' cos +y'sin y+ Oy’. 

If the bodies be perfectly rough and roll on each other without 
sliding, there will be two resolved reactions at the point of contact, 
one normal and the other tangential to the common surface of the 
touching bodies. For each of these we shall have an equation 
similar to that just found. But if there be any sliding friction 


this reasoning will not apply. The latter case will be considered 
a little further on. 
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138. Second Method of Solution. Suppose that in a dynamical 
system two bodies of masses M, M’ are pressing on each other 
with a reaction R. Let the equations of motion of M be those 
marked (1) in Art. 135, and let those of M’ be obtained from 
these by accenting all the letters except R, and ¢, and writing 
— Rf for R, y and ¢ being of course unaltered. Let us multiply 
the equations of motion of M by 2é, 2y, 20 respectively, and 
those of M’ by corresponding quantities. Adding all these six 
equations, we get 
2M (aa + yj + k°00) + &c. =2F (& cosh + ysin f + pb) + &e. 

+ 2R (écosw+ysin wp + g0)—2R (# cost ay sin +96’). 

The coefficient of R will vanish by virtue of the geometrical 
equation obtained in the last article. Similar reasoning will 
apply to all the reactions between each two of the moving bodies. 

Suppose the body M to press against some external fixed 
obstacle, then R acts only on the body M, and the coefficient 
of 2R will be restricted to the part included in the first 
bracket. But the velocity of the point of contact resolved along 
the direction of R must vanish, and therefore the coefficient of A 
is again zero. 

Let A be the point of application of the impressed force F, 
and let the velocity of A resolved along the direction of action of F 
be 7. Then we see that the coefficient of 2F' is f. It also follows 
from the definition of df that df is what is called in statics the 
virtual moment of the force F. 

We have thus a general method of obtaining an equation free 
from the unknown reactions of perfectly smooth or perfectly 
rough bodies. The rule is, multiply the equations having M3, 
My, Mk6, &c. on their left-hand sides by 4, 7, 6, &., and add 
together all the resulting equations for all the bodies. The 
coefficients of all the unknown reactions will be found to be zero 
by virtue of the geometrical equations. 

The left-hand side of the equation thus obtained is clearly 
a perfect differential. Integrating we get 

M {#4 7 +20} + &.=O+2fFdf+...... 
where C is the constant of integration. 

In practice it is usual to omit all the intermediate steps and 
to write down the equation in the following manner: 

LM {e+ Y+he|}=C+2U, 
where U is the integral of the virtual moment of the forces, 

This is called the equation of Vis Viva. 

138 a, Another proof. If we make use of the theorems concerning work which 


are proved in statics, we may somewhat simplify the preceding proof by resolving 
each rigid body into its elementary particles. 
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Let m be the mass of any particle; 2, y its coordinates; mX, mY the resolved 


forces. Then mi=mxX, my=myY. 
Multiplying these by 2, y respectively and summing them throughout the whole 
system of particles, we deduce by integration 

Dm (42+ 9?) = C +2 [Bm (Xdx + Ydy). 
The left-hand side is the vis viva of the body and the right-hand side is twice the 
integral of the virtual moments of the forces which act on the particles. 


In this mode of proof the forces on the right-hand side include (1) the internal 
reactions of the several particles which make up each body, (2) the mutual reactions 
of the bodies on each other, (3) the pressures due to any external geometrical con- 
ditions imposed on the system. 


It is proved in statics that the virtual moments of the internal reactions are 
zero, provided the bodies are so rigid that the particles which compose each body 
keep at invariable distances from each other. It is also proved that the virtual 
moments of the reactions between the moving bodies with certain exceptions destroy 
each other. Lastly it is shown that the pressures due to geometrical conditions do 
not appear in the work function, provided these conditions do not involve the time 
explicitly. 

Omitting all these pressures and now including in the expressions mX, mY only 
the external impressed forces which act on the system, let U represent the integral. 
We then have as before 42=mv?=C+ U. 

The chief objection to this arrangement of the proof is that the limitations on 
the principle are not distinctly brought into view. In the chapter on vis viva a 
modification of this second proof is given which being founded on the principle of 
virtual work appears to have many advantages. By using this principle we at once 
arrive at a general rule to determine what forces do or do not appear in the equation 
of vis viva. A list of the forces which may be omitted is also given in the chapter 
just referred to. 

As the equation of vis viva is one of the most useful in dynamies, it is important 
to view it in as many ways as possible. The reader will accordingly find it ad- 
vantageous to study the proof founded on virtual work before proceeding further. 
He will probably adopt it as the best proof of the equation of vis viva. 


139. Vis Viva ofa Body. The left-hand side of the equa- 
tion proved in the last article is called the wis viva of the whole 
system. Taking any one body M, we may say that 

es: da\? (dy\? ad@\? 
fM= == aw, 2 fens 
vis viva of M Mt\ (Fe) +() +k (F) I 

If the whole mass were collected into its centre of gravity and 
were to move with the velocity of the centre of gravity, k would 
be zero, and the vis viva would be reduced to the two first terms. 
These terms are therefore together called the vis viva of transla- 
tion, and the last term is called the wis viva of rotation. 


If v be the velocity of the centre of gravity, we may write this 
e) 


equation vis viva of M= Mv? + Mk? a 
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If we wish to use polar coordinates, we have 


vis viva of M= M\(G) + Hie ce +h? Gt ) 


where (r, ) are the polar coordinates of the centre of gravity. 


If p be the distance of the centre of gravity from the instanta- 
neous centre of rotation of the body, pd6@/dt is clearly the velocity 
of the centre of gravity, and therefore / 


7 dé\? 
vis viva of M = M (p? + k’) (=) : 


139. Another proof. If we adopt the second of the two proofs of the principle 
of vis viva given in the last article, it becomes necessary to establish the theorem of 
this article in some other way. To do this we notice that 2m (42+ 72) is a quadratic 
function of the variables. Hence by the generalized theorem of parallel axes 
(Art. 14), this expression is equal to the sum of two terms, (1) its value when the 
whole mass 1s collected at the centre of gravity G, viz. Mv?, and (2) its value when 
the body is referred to G as origin, viz. Smv’. In this latter term if w be the 
angular velocity of the body round G, the relative velocity of any particle is v’=rw, 
where r is its distance from G. Hence Smv’?= Zmr?.w?. We therefore have as 
before vis viva of M= Mv? + Mk? wo. 

The fundamental theorem of this article has been ascribed to Keenig who 
published it in the Acta Eruditorum. The following converse of the theorem was 
given by Cauchy, Hwercices Mathématiques, seconde année, p. 104. 

Ex.1. If P be a point fixed in a rigid body and moving with it and be such 
that the vis viva of the body is equal to the vis viva due to the translation of P 
together with the vis viva of the motion relative to P, prove that P lies on the circle 
described on GI as diameter, where I is the instantaneous centre of rotation and G 
the centre of gravity. 

To prove this we notice that if w is the angular velocity of the body about I and 
Q the position of any particle m, the condition of the question gives 

Im QI2w?= Dm QP? w*? + M. PI? w?. 
Dividing by w? and substituting for the two terms with = their values given in 
Art. 18, we have GI?=GP2+ PI, which proves the proposition. In three 
dimensions the point P must lie on the cylinder haying for base the circle described 
on the perpendicular drawn from G on the instantaneous axis. 

Ex. 2. Prove also that in the last example the velocity of P is equal to the 
resolved part of the velocity of G in the direction of the motion of P. O. Bonnet, 
Mémoires de Vv Académie de Montpellier, Tome t. p. 141. 


140. Force Function and Work. The function U in the 
equation of vis viva is called the force function of the forces. It 
may always be obtained, when it exists, by writing down the virtual 
moment of the forces according to the rules of statics, integrating 
the result and adding a constant. This definition is sufficient for 
our present purpose; for a more complete explanation the reader 
is referred to the beginning of the chapter on Vis Viva. 


When the forces are functions of several coordinates, it may 
be supposed that it will often happen that the virtual moment 


110 MOTION IN TWO DIMENSIONS [CHAP. IV 


cannot be integrated until the relations between these coordi- 
nates have been found by some other means. But it will be shown 
in the chapter,on Vis Viva that this is not so. In nearly all the 
cases we have to consider the virtual moment will be a perfect 
differential. In the remarks which follow in this and in the next 
three articles it will be convenient to suppose that the function U 
exists, and is a known function of the coordinates of the system. 

In a subsequent chapter we shall discuss more particularly 
the various forms which the force function may assume. For the 
present we shall merely show how to find its form for a system of 
bodies under any constraints which are falling through the action 
of gravity alone. 

Let «, y be the horizontal and vertical coordinates of any 
particle of the system and let the latter coordinate be measured 
downwards. Let m be the mass of the particle. The virtual 
moment is therefore Smgdy. The force function may therefore be 
written U =fXmgdy = =Umgy + C=gyzm+C, 
where 7 is the depth of the centre of gravity of the whole syste 
below the axis of a. 

Sometimes to avoid the constant C we take the integral be- 
tween limits. The force function is then called the work of the 
forces as the system passes from the position indicated by the 
lower limit to that indicated by the upper limit. 

The result just arrived at may therefore be stated thus. If, as 
a system moves from one position to another, its centre of gravity 
descends a vertical space h, the work done by gravity is Mgh, where 
M is the whole mass of the system. 

We notice that this result is independent of any changes in 
the arrangement of the bodies which constitute the system, and 
depends solely on the vertical space descended by the centre of 
gravity. 

141. Principle of Vis Viva. Sometimes there are several 
ways in which a system may move from one position to another. 
Perhaps we do not want the intermediate motion but only the 
motion in the later position when that in the earlier is given. In 
such a case we avoid the introduction of the constant C in the 
equation of vis viva by taking the integral in Art. 188 between 
limits. Thus we say that 

the change P _. )twice the work done 
the vis viva by the forces. 
In this equation the change in the vis viva is found by subtracting 
from the vis viva in the final position the vis viva in the first. In 
finding the work done by the forces, the upper limit of the integral 
(as already explained) depends on the final position of the system 
and the lower limit depends on the initial position. 
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The great importance of this equation is that we have a result 
Sree from the reactions or constraints of the system. The manner 
in which the system moves from the first position to the last is a 
matter of indifference. So far as this equation is concerned, we 
may change the mode of motion in any way by introducing or 
removing any constraints or reactions, provided only that they are 
such as do not appear in the equation of virtual moments as used 
1n statics. 


We must notice that some reactions will not disappear from 
the equation of virtual velocities in statics, for example, friction 
between two surfaces which slide over each other. In forming the 
equation of vis viva in dynamics this kind of friction, when it 
occurs, will appear along with the other forces on the right-hand 
side of the equation. 


As the system moves from one given position to another, it is 
evident that the change in the vis viva produced by each force 
is twice the integral of the virtual moment of that force. It 
follows that the whole change is the sum of the changes produced 
by the separate forces. Taking then any one force F’, we see that, 
when its direction makes an acute angle with the direction of the 
motion of the point A of the body at which it acts, # and df 
have the same sign, and the integral in the equation of vis 
viva is positive. The effect of the force is therefore to increase 
the vis viva. But when the direction of the force is opposed to 
the direction of the motion of A, i.e. when the force makes an 
acute angle with the reversed direction of the motion of A, the 
effect of the force is to decrease the vis viva. This rule will enable 
us to determine the general effect of any force on the vis viva 
of the system. 


142. Suppose, for example, a body to move or roll under the 
action of gravity with one point in contact with a fixed surface, 
which is either perfectly rough or perfectly smooth, so that there 
can be no sliding friction. Let it be started off in any manner, 
so that the initial vis viva is known. The vis viva decreases or 
increases according as the centre of gravity rises above or falls 
below its original level. As the body moves the pressure on the 
surface will change and may possibly vanish and change sign. In 
this case the body will leave the surface. The centre of gravity 
by Art. 79 will then describe a parabola and the angular velocity 
of the body about its centre of gravity will be constant. Presently 
the body may impinge again on the surface, but until such 
impact occurs the equation of vis viva is in no way affected by the 
body leaving the surface. But the case is different when the body 
impinges on the surface. To make this point clearer, let #' be the 
reaction of the surface, A the point of the body at which it 
acts, and Fdf its virtual moment as in Art. 138. Then as the 
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body moves on the surface, df is zero, and when the body has left 
the surface, F is zero, so that during the motion before the impact 
occurs the virtual moment Pdf is zero for the one reason or the 
other. The reaction therefore does not appear in the equation 
of vis viva. But when the body impinges on the surface, the 
point A is approaching the surface and the reaction F is resist- 
ing the advance of A so that neither # nor df is zero, Here we 
measure F’ in the same manner as in the first part of the motion, 
regarding it as a very great force which destroys the velocity 
of A in a very short time (Art. 84). During the period of com- 
pression, the force F resists the advance of A, and therefore the 
vis viva of the body is decreased. But during the period of 
restitution the force assists the motion of A, and thus the vis 
viva is increased. We shall show further on that the vis viva 
is decreased by an impact except in the extreme case in which the 
bodies are perfectly elastic, and we shall investigate the amount 
lost. As a general rule we may notice that the equation of vis viva. 
as altered by an vmpact. 


We may find a superior limit to the altitude ¥ to which the 
centre of gravity can rise above its original level. The equation of 
vis viva may be written 

(a viva in a = ae 5) = 2Moy, 
position viva 
where M is the mass of the body. Now the vis viva can never be 
negative, hence the centre of gravity cannot rise so high that 
2Mg7 > initial vis viva. 

In order that the centre of gravity should reach this altitude it 
is necessary that the vis viva of the body should vanish, i.e. both 
the velocity of translation of the centre of gravity and the angular 
velocity of the body must simultaneously vanish. This cannot 
in general occur if the body jump off the surface, for the 
angular velocity and the horizontal velocity of the centre of 
gravity will not usually both vanish at the moment of the jump, 
and both will remain constant, as explained above, during the 
parabolic motion. After the subsequent impact a new motion may 
be supposed to begin with a diminished vis viva and therefore a 
diminished superior limit to the altitude of the centre of gravity, 


143. Sometimes there is only one way in which the system 
can move. In such a case all we have to find is the velocity of 
the motion. The geometry of the system will determine the a, y, 0 
of each body in terms of some one quantity which we may call ¢. 
The vis viva of the body M, as given by Art. 139,-will now take 
the form 


vis viva of M= M (Gay + (Ge) +h? Gal (=) == P (aey. 
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where P is a known function of the coordinates of M. The 
equation of vis viva will therefore take the form 


(SP) (By =c+ 2U, 


and thus d¢/d¢ can be found for any given position of the system. 


It follows that, if there is only one way in which the system 
can move, that motion will be determined by the equation of vis 
viva. But, if there be more than one possible motion, we must 
find another integral of the equations of the second order. What 
should be done will depend on the special case under considera- 
tion. The discovery of the proper treatment of the equations is 
often a matter of great difficulty. The difficulty will be increased 
if, in forming the operations, care has not been taken to give 
them the simplest possible forms. 


144. Examples of these Principles. The following ex- 
amples have been constructed to illustrate the methods of applying 
the above principles to the solution of dynamical problems. In some 
cases more solutions than one have been given, to enable the reader 
to compare different methods. The mode of forming each equation 
has been minutely explained. Running remarks have been made 
which it is hoped will clear up those difficulties which generally 
trouble a beginner. The attention of the student is therefore 
particularly directed to the different principles used in the follow- 
ing solutions. 

A homogeneous sphere rolls directly down a perfectly rough inclined plane under 
the action of gravity. It is required to find the motion. 

Let a be the inclination of the plane to the horizon, a the radius of the sphere, 
mk? its moment of inertia about a horizontal diameter. Let O be that point of the 
inclined plane which was initially touched by the sphere, and N the point of contact 
at the time t. Then it is obviously convenient to choose O for origin, and ON for 
axis of x. 

The forces which act on the sphere are, first, the reaction R perpendicularly to 
ON, secondly, the friction F acting at N along NO and 
mg acting vertically at C the centre. The effective 
forces are m%, my acting at C parallel to the axes of x 
and y, and a couple mk? tending to turn the sphere 
round C in the direction NA. Here @ is the angle 
which any straight line fixed in the body makes with a 
straight line fixed in space. We shall take the fixed 
straight line in the body to be the radius CA, and the 
fixed straight line in space the normal to the inclined 
plane. Then @ is the angle turned through by the sphere. 

Resolving along and perpendicular to the inclined plane we have 


MC MNG SING Leth anda nsec scat tresecsesaee oer (1), 
MV i= Net COSIC EL Lim jetareie te eect seenteste sR coee teense (2). 
Taking moments about N to avoid the reactions, we have 
HOHE ASTID ST AESUING, Jo 558. age so6sOddeaIG ON Slope (3). 
8 


Rk. D. 
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Since there are two unknown reactions F and R, we shall require two geome- 
trical relations. Because there is no slipping at N we have 
DO arsuan cane deat oes e ee aeccosmedeect enesceE (4). 
Also, because there ig NO JUMPING, Y=A] ..........0sscerececeoeccetorererecserseeeees (5). 
Both these equations are of the form required in the first method. Differ- 


entiating (4) we get ¢=a0. Joining this to (3) we have #= ae 


: 2 Lie Ola oe 
Since the sphere is homogeneous, = 5 a*, and we have «= 79 sina. 
If the sphere had been sliding down a smooth plane, the equation of motion 
would have been =gsina, so that two-sevenths of gravity is used in turning the 
sphere, and five-sevenths in urging the sphere downwards. 


Supposing the sphere to start from rest we have clearly « = gsina.t?, and 


Noe 
NT) Or 


the whole motion is determined. 

In the above solutions only a few of the equations of motion have been used, 
and if the motion only had been required it would have been unnecessary to write 
down any equations except (3) and (4). If the reactions also are required, we must 
use the remaining equations. From (1), (2) and (5) we have 


2 : 
Ji mg sin a, R=mg Cos a. 


It is usual to delay the substitution of the value of k? in the equations until the 
end of the investigation, for this value is often very complicated. But there is 
another advantage. It serves as a verification of the signs in our original equations, 


for if equation (6) had been 

cs a : 

ls ake! sln a, 
we should have expected some error to exist in the solution. It seems clear that the 
acceleration could not be made infinite by any alteration of the internal structure of 


the sphere. 


Ex. If the plane were imperfectly rough with a coefficient of friction mu less 
than ? tana, show that the angular velocity of the sphere after a time ¢ from rest 


would be — SU gS0Ee Gs 
RD th 


145. A homogeneous sphere rolls down another perfectly rough fixed sphere. 
Find the motion. 

Let a and b be the radii of the moving and fixed spheres, respectively, C and O 
the two centres. Let OB be the vertical radius of the fixed sphere, and ¢= 2 BOC. 
Let F and R be the friction and the normal reaction at N. Then, resolving 
tangentially and normally to the path of C, we have 

m (a+b) P=mMgsinP—F ...secssecesseeeees Peer cannes (1), 
TOE) COSCH SIE nncnobotenonoenctaonassacconae (2). 

Let A be that point of the moving sphere which originally coincided with B. 
Then if @ be the angle which any fixed line, as C4, in the body makes with any 
fixed line in space, as the vertical, we have by taking moments about C 

MUG = Ia, ccitne We niniwes cnet See (8). 


It should be observed that we cannot take 6 as the angle ACO because, though 
CA is fixed in the body, CO is not fixed in space. 


The geometrical equation is clearly a (0 -¢)=b¢ 
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; No other is wanted, since in forming equations (1) and (2) the constancy of the 
distance CO has been already assumed. 


The form of equation (4) shows that we can apply the first method. We thus 
: k 
obtain F= Pre 
led to the equation (a+b) $=$9 sin ¢. 
By multiplying by 24 and integrating 
we get after determining the constant, 
10 g 


mg sin ¢, and are finally 


the rolling body being supposed to start 
from rest at a point indefinitely near B. 

This result might also have been de- 
duced from the equation of vis viva. 
The vis viva of the sphere is m {v?+ k?6?} 
and v=(a+b)¢. The force function by 
Art. 140 is mgy, if y be the vertical space 0 
descended by the centre. We thus have 

(a+b)? G2 + k262=2g (a +b) (1-cos ¢), 
which is easily seen to lead, by the help of (4), to the same result. 

To find where the body leaves the sphere we must put R=0. This gives by (2) 
(a+b) ¢=g cos; ~. 429 (1—cos¢)=gcos¢; .. cosp=i%. It may be remarked 
that this result is independent of the magnitudes of the spheres. 

Ex. 1. If the spheres had been smooth the upper sphere would have left the 
lower sphere when cos ¢=3. 

Ex. 2. A rod rests with one extremity on a smooth horizontal plane and the 
other on a smooth vertical wall at an inclination a to the horizon. If it then slips 
down, show that it will leave the wall when its inclination is sin! (3 sin a), 


Ex. 3. A beam of length a is rotating on a smooth horizontal plane about one 
extremity, which is fixed, under the action of no forces except the resistance of the 
atmosphere. Supposing the retarding effect of the resistance on a small element of 
length dz to be Adz (vel.)?, then the angular velocity at the time ¢ is given by 

4 
: - = = ae i [Queens’ Coll. 

Ex. 4, An inclined plane of mass M is capable of moving freely on a smooth 
horizontal plane. A perfectly rough sphere of mass m is placed on its inclined face 
and rolls down under the action of gravity. If 2’ be the horizontal space advanced 
by the inclined plane, « the part of the plane rolled over by the sphere, prove that 

(M+m) «’=mz cosa, Lae—x' cosa=tgt sina, 
where a is the inclination of the plane to the horizon. 

Ex. 5. Two equal perfectly rough spheres are placed in unstable equilibrium, 
one on the top of the other; the lower sphere resting on a perfectly smooth table. 
A slight disturbance being given, show that the spheres will continue to touch each 
other at the same points, and that, if @ be the inclination to the vertical of the 
straight line joining the centres, (k?-+a?+ <a? sin? 0) 6?=2ga (1 —cos 6). 

Ex. 6. Two unequal perfectly smooth spheres are placed in unstable equili- 
brium one on the top of the other; the lower sphere resting on a perfectly smooth 
table, A very slight disturbance being given to the system, show that the spheres 
will separate when the straight line joining the centres makes an angle ¢ with the 
vertical given by the equation m cos? ¢=(M+m) (3 cos ¢-2), where M is the mass 
of the lower and m of the upper sphere. 


8—2 
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Ex. 7. A sphere of mass M and radius a is constrained to roll on a perfectly 
rough curve of any form and initially the velocity of its centre of gravity is V. If 
the initial velocity were changed to V’, show that the normal reaction would be 
increased by M(V’2—V)/(p—a) and that the friction would be unaitered, p being 
the radius of curvature of the curve at the point of contact. 


Ex. 8. A uniform rod of length 2a is placed at an inclination a to the vertical 
with one extremity touching a horizontal plane. If the rod start from rest show 
that its angular velocity w when it becomes horizontal is given by 2aw*=3g cos a 
whether the plane is perfectly smooth or perfectly rough. Show also that the rod 
will in neither case leave the plane. 


Ex. 9. A straight tunnel is constructed from London to Paris. Show that a 
sphere starting from rest at one terminus will arrive at the other in about forty-two 
minutes if the tunnel is smooth, but will take about eight minutes longer if the 
tunnel is perfectly rough. The sphere is supposed to move solely under the action 
of gravity, which inside the earth is supposed to vary as the distance of the sphere 
from the centre of the earth, Would the time be the same from London to Vienna? 


Ex. 10, A heavy uniform chain occupies a smooth tube of small section whose 
medial line is a quadrant of a circle with one bounding radius vertical. If the chain 
start from rest show that its velocity v on emerging from the tube is given by 
Qrv?=ga (w+ 8). : 

Ex. 11. A heavy chain occupies a smooth tube of small section whose form is 
the semi-cardioid r=a(1+cos @) bounded by the axis. The axis is horizontal 
one end of the chain is at the apse and its length is 2a, prove that the velocity of 
emergence is given by 10v2=ag (52-9 ,/3). [Coll. Exam. 1877. 


Ex. 12. A fine smooth tube AB of length 1, whose curvature is everywhere 
continuous, is held so that the lower end B is on a smooth table, and the tangent 
there is horizontal. The whole of the tube is occupied by a uniform string, the 
remainder of which is held coiled up at A: the string is released and the tube is 
drawn along with finite acceleration and in such a way that the string runs through 
the tube and is deposited at rest on the table in a straight line. Show that so long 
as all the string is not uncoiled, the length ~ on the table after a time ¢ is 
t /gb 
i=a 
where a and 0 are the lengths of the horizontal and vertical projections of 4B. 

[Math. Tripos, 1903. 

As the tube moves each element of string will have a velocity v along the tube 
together with an equal velocity v with the tube. Reverse the acceleration f of the 
tube and take account of the infinitesimal impact when an element ds=vadt of un- 
coiled string enters the tube. Resolving along the tube we have 


(E+ 1+ vdt) (V+ dv) =(E+1) v+(gb+fa+fé) dt. 
Since f=dv/dt, this is (l—a) dvjdt+v?=gb. 
Solving this equation we find v and if £ is the length on the table v=dé/dt. The 
constants of integration are determined by v=0,=0, when t=0. See Art, 300. 


&=(l—a) log cosh 


Ex. 13. A perfectly rough cylindrical grindstone of radius a is rotating with 
uniform acceleration about its axis which is horizontal. Show that, if a sphere in 
contact with its edge can remain with its centre at rest, the angular acceleration 
of the grindstone must not exceed 5g/2a. [Coll. Exam, 1877. 


146. A rod OA can turn about a hinge at O, while the end A rests ona smooth 
wedge which can slide along a smooth horizontal plane through O. Find the motion. 
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Let a=the angle of the wedge, M=its mass and =OC. Let l=the length 
of the beam, m=its mass and @=AOC. Let R=the reaction at A. Then we have 


the dynamical equations, IVI POSIT te Aah asee eee eect (1), 
mk? = RL. cos («—8) ~ mg 5 cos 8 er (2), 
and the geometrical equation, LOB On S1IN (OP(O) ean atee as paepe net ee eine (3). 


It is obvious that we must apply the second method of solution. Hence 
2Mxsé + 2mk?6d= — mgl cos 66 + 2R {sin az +1 cos (a — 6) 6}. 

The coefficient of # is seen to vanish by differentiating equation (3). Integrating 
we have Ma? + mk? 6?=C — magi sin 0. 

This result might have been written down at once by the principle of vis viva. 
For the vis viva of the wedge is clearly Mz? and that of the rod mk?6?, If y be the 
altitude above OC of the centre of gravity of the rod OA, twice the force function 
is C—2mgy by Art. 140, Since y=4/sin 9, this reduces to the result already written 
down. Substituting for « from (3) we have 


P : 
Ca pops 2{ f2—a_ oI 
{ae ain?a °°® (a — 0) + mk } G2 CNG U SIT Omemeen cates seees (4). 


If the beam start from rest when 6=£, then C=mglsin B. 

This equation cannot be integrated any further. We cannot therefore find 6 in 
terms of t, but the angular velocity of the beam, and therefore the velocity of the 
wedge, is given by the above equation. 


147. Two rods AB, BC are hinged together at B and can slide freely on a 
smooth horizontal plane. The extremity A of the rod AB is attached by another 
hinge to a fixed point on the table. An elastic string AC, whose unstretched length is 
equal to AB or BC, joins A to the extremity C of the rod BC. Initially the two rods 
and the string form an equilateral triangle and the system is started with an angular 
velocity 2 round A. Find the greatest length of the elastic string during the motion. 
Find also the angular velocities of the rods when they are at right angles, and the 
least value of that this position may be possible. 

The following solution may appear at first sight rather long. The object is to 
illustrate the different methods of using the principles of angular momentum and 
vis viva. They are here minutely explained as this is the first example of the kind. 
It is however usual in practice to write down the equations (1) and (2) derived from 
these principles with but little if any explanation. 

Let 2a be the length of either rod, mk? its moment of inertia about its centre of 
gravity, so that k?=1a®. Let D and E be the middle points of the rods, and let 
az, y be the coordinates of E referred to A as origin. 

The only forces on the system are the reaction of the hinge at A and the tension 
of the elastic string AC. If we search for any direction in which the sum of the 
resolved parts of these vanishes, we can find none, since the direction of the 
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reaction is at present unknown. But since the lines of action of both forces 
pass through A, their moments about A vanish, and therefore, by Art. 133, the 
angular momentum about A is constant throughout the motion and equal to its 
initial value. Let w, w’ be the angular velocities of 4B, BC at any instant t. The 
angular momentum of BC about 4 is 
m (xy —ye+k?w’), Art. 134. The angular a 
momentum of AB is by the same article 
m (k2+a?)w, since AB is turning about 4 
as a fixed point. The initial values of 
these are respectively m(8a?+k?)Q, and 
m (k?+a?)Q, since w, w’ and 6 are each 
initially equal to Q and r is initially equal 
to the perpendicular from A on the oppo- 
site side of the equilateral triangle formed 
by the system. Hence 

m (k? +a?) w+m (xy — yet k?w’) 

=m (2k? + 4a?) Q...(1). 

We may obtain another equation by 
the use of the principle of vis viva. The 
vis viva of the rod BC is m (4?+4?+ k?w’?), 
Art. 139. The vis viva of AB is by the 
same article m(k?+a*)w? since it is turning round 4 as a fixed point. The 
initial values of these are respectively m (3a?+k?)Q? and m(k?+a?)Q?. If T be 
the tension of the string, p its length at time t, the force function of the tension is 


i (-T) dp. According to the rule given in statics to calculate virtual moments, 
2a 


the minus sign is given to the tension because it acts so as to diminish p; and the 
limits are 2a to p because the string has stretched from its initial length 2a top. By 
p—2a (p — 2a)? 


Hooke’s law T=H Iq? 8° that, by integration, the force function= — H > ee 


Since the reaction at A does not appear, Art. 141, the equation of vis viva is 


2 
m (k? + a?) w+ m {a+ Y? + kw! ?} =m (2h? + 4a?) 0? — ae aeteate (2). 

There are only two possible independent motions of the rods. We can turn AB 

about A and BC about B, all motions, not compounded of these, being incon- 

sistent with the geometrical conditions of the question. Two dynamical equations 

are sufficient to determine these, and we have just obtained two. All the other 
equations which may be wanted must be derived from geometrical considerations. 


Let y, y’ be the inclinations of the rods 4B, BC to the axis of «x and let 
g=y'-y. We have 
x=2a cos y+a cos y’, y=2asiny+asin y, 
t= —2a sin yw—asin pw’, ¥ =2a cos Yw+a cos i'w’. 
The equations of angular momentum and vis viva then become 
m (k? + 5a? + 2a? cos ¢) w +m (k? + a? + 2a? cos ) w’ =m (2k? + 4a?) Q...... (3), 
2a)? 
a 


m (k?+ 5a?) w+ m (k? + a?) w+ 4ma? ww! cos p=m (2k? + 4a*) OQ? — E Pk .(4). 


These equations determine w, w’ in terms of the subsidiary angle ¢. 


It is required to find the greatest length of the elastic string during the motion. 
At the moment when p is a maximum s=0 and the whole system is therefore 
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moving as if it were a rigid body. We therefore have for a single moment w=w’. 
The equations (3) and (4) become, when we have substituted for k? its value 1.22, 


BE 
= Oe yo ae a 
(10+ 6 cos ¢) w=7Q, (10 +6 cos ¢) w?=72 ae 


Eliminating w and remembering that p=4acos4¢, we have 
E (3p? + 16a?) (p - 2a) = 28m?a3 (p + 2a). 
This cubic has one positive root greater than 2a. 


It is also required to find the motion at the instant when the rods are at right 
angles. At this moment ¢=}7, and hence (3) and (4) become 


p- 2a)?. 


8+ 2w’=70, Bu? + 2u= 702 (2 1)2. 


From these equations we easily find w and w’. It is clear that the values of w, w’ 
are not real unless 7Q?>10 (,/2 —1)2 E/ma. 

Another solution. We may often save ourselves the trouble of some elimination 
af we form the equations derived from the principles of angular momentum and vis 
viva in a slightly different manner. The rod BC is turning round B with an angular 
velocity w’, while at the same time B is moving perpendicularly to AB with a 
velocity 2aw. The velocity of H is therefore the resultant of aw’ perpendicular to 
BC and 2aw perpendicular to AB, both velocities, of course, being applied to the 
point H. When we wish our results to be expressed in terms of w, w’ we may use 
these velocities to express the motion of H instead of the coordinates (z, y). 

Thus in applying the principle of angular momentum, we have to take the 
moment of the velocity of H about A. Since the velocity 2aw is perpendicular to 
AB, the length of the perpendicular from 4 on its direction is 4B together with the 
projection of BE on AB, which is 2a+acos¢. Since the velocity aw’ is perpen- 
dicular to BE, the length of the perpendicular from A on its line of action is BE 
together with the projection of 4B on BE, whichisa+2acos ¢. Hence the angular 
momentum of the rod BC about A is, by Art. 134, 

mk2u' + 2maw (2a+a cos p) +maw' (a+ 2a cos ¢). 
The principle of angular momentum for the two rods gives therefore 
m (k? + 5a? + 2a? cos g) w +m (k? + a? + 2a? cos ) w' =m (2k? + 4a?) Q. 
The right-hand side of this equation, being the initial value of the angular momen- 
tum, is derived from the left-hand side by putting cos = — 4 and w=’/=Q. 

In applying the principle of vis viva, we require the velocity of H. Regarding it 

as the resultant of 2aw and aw’ we see that, if v be its value, 
v2=(2aw)? + (aw’)? +2. 2aw . aw’ cos p. 
The initial value being found, as before, by putting cosf=—4, w=w'=Q, the 
principle of vis viva gives, by Art. 141, ; 
(p — 2a)” 


m (k2 + 5a?) w? +m (k? +a”) w+ 4ma*ww' cos p=m (2k? + 4a?) 0? — E Sa ae 


the force function being found in the same manner as before. Since o=w'-w 
and p=4acos3}¢, we have just three equations to find w, w’, and ¢. If these 
quantities are all that are required, as in the two cases considered above, this form 
of solution has the advantage of brevity. 

Ex. 1. Two rods AB, BC of equal mass are hinged together at B and the 
extremity A is fixed. They fall from any initial position under the action of gravity. 
If their lengths are respectively 2a and 2b and their inclinations to the horizon at 


any time 6, ¢, prove that 


s {16a26 + 4b? + 6ab cos (p — 4) (6+ )} =9ag cos 0 + 8bg cos 4, 
8a2 6? + 2b2 ¢? + Gab cos (¢ — 0) 66 = 9ag sin 0 + 3bg sin p+ C. 
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The first equation is obtained by taking the angular momentum about 4 for both 
bodies as explained in Art. 78. The second is the equation of vis viva. [Coll. Ex. 


Ex. 2. A uniform rod of length 2a ‘has a particle attached to it by a string 6; 
the rod and string are placed in a straight line on a smooth table, and the particle 
is projected with a velocity V perpendicularly to the string, prove that the greatest 
angle @ that the string can make with the rod is given by sin? 4¢=a (1+n)/12b, 
where n is the ratio of the mass of the rod to that of the particle. Prove also 
that the angular velocity then is V/(a+). (Coll. Ex. 

The common centre of gravity G moves in a straight line with uniform velocity. 
The vis viva and the angular momentum about G are each constant. 


Ex. 3. Three equal uniform bars, formed of such material that any particle 
repels any other with intensity proportional to the product of their masses and 
directly as the distance between them, are loosely jointed at their ends so as to form 
an equilateral triangle. If one of the connexions at the angles be severed, prove 
that the angular velocity of either of the outer bars when all three are in a straight 
line is ,/(8°4) times their angular velocity when they are at right angles to the 
middle bar. [Math. Tripos, 1878. 


Ex. 4. Four equal rods OA, AC, CB, BO are freely hinged at their ends so as 
to form a rhombus and the angle AOB isa. The system rotates in its own plane 
with an angular velocity Q about O which is fixed in space, the corners O, C being 
connected by a string. ‘The string gives way and w, w’ are the angular velocities of 
the rods at any subsequent time. Prove that 


(w — w’2=2 (142 cos a) ( = 


ae 


wt w! 


148. The bob of a heavy pendulum contains a spherical cavity which is filled 
with water, It is required to determine the motion. 


Let O be the point of suspension, G the centre of gravity of the solid part of the 
pendulum, Mk? its moment of inertia about O, and let OG=h. Let C be the centre 
of the sphere of water, a its radius and OC=c. Let m be the mass of the water. 


If we suppose the water to be a perfect fluid, the action between it and the case 
must, by the definition of a fluid, be normal to the spherical boundary. There will 
therefore be no force tending to turn the fluid round its centre of gravity. As the 
pendulum oscillates to and fro the centre of the sphere will partake of its motion, 
but there will be no rotation of the water. 


The effective forces of the water are by Art. 131 equivalent to the effective force 
of the whole mass collected at its centre of gravity together with a couple mkw, 
where w is the angular velocity of the water, and mk? its moment of inertia about 
a diameter. But w has just been proved zero, hence this couple may be omitted. 
It follows that in all problems of this kind where the body does not turn, or turns 
with uniform angular velocity, we may collect the body into a single particle placed 
at its centre of gravity. 


The pendulum and the collected fluid now form a rigid body turning about 
a fixed axis, hence if @ be the angle made by CO a fixed line in the body with the 
vertical, the equation of motion by Art. 89 is 

(MK? + mc?) 6+(Mh+me) g sin 0=0, 

where, in finding the moment of gravity, 0, G@ and C have been supposed to lie in 
a straight line. The length L’ of the simple equivalent pendulum is, by Art. 92, 

[kK 2 
yk + me ; 

Mh+me 
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Let mk? be the moment of inertia of the sphere of water about a diameter. 
Then, if the water were to become solid and to be rigidly connected with the case, 
the length L of the simple equivalent pendulum would be, by similar reasoning, 
pa UKM (e+) 

Mh+me 

It appears that L’<L, so that the time of oscillation is less than when the 
whole is solid, 

That L’ should be less than L follows from the principle of vis viva. For if, 
with the same arc, gravity has to do the additional work of rotating the sphere of 
water, the pendulum must move more slowly. 


149. Characteristics of a body. If we refer to the 
equations of motion of a body given in Art. 135, we see that 
the motion depends on (1) the mass of the body, (2) the position 
of the centre of gravity, (3) the external forces, (4) the moments 
of inertia of the body about straight lines through the centre 
of gravity, (5) the geometrical equations. Two bodies, however 
different they may really be, which have these characteristics the 
same, will move in the same manner, Le. their centres of gravity 
will describe the same path, and their angular motions about their 
centres of gravity will be the same. It is often convenient to use 
this proposition to change the given body into some other whose 
motion can be more simply found. 


For example, let a body have an eccentric spherical cavity, 
filled with a heavy fluid. Since the sphere of fluid either does 
not rotate or rotates with uniform angular velocity, the motion is 
unaltered by collecting the fluid into a particle placed at the 
centre. Thus (the particle being always at the same point C of 
the body) the system has been simplified into a single rigid body. 

As: for the fourth characteristic we may observe that the 
moment of inertia of the body and the particle about any axis 
differs from that of a solidified system about the same axis by 
mk? which is the moment of inertia of the fluid about a diameter. 
When the density of the fluid is the same as that of the body, 
this is independent of the position of the cavity. This however is 
not a simplification of any importance. 


The motion of a uniform triangular area moving under the 
action of gravity is another example. If we replace the area by 
three wires forming its perimeter but without weight, the geome- 
trical conditions of the motion will in general be unaltered, and if 
we also place at the middle points of these wires three particles, 
each one-third of the mass of the triangle, this body will have 
all its characteristics the same as that of the real triangle, and 
may replace it in any problem. 

Ex. 1. A triangular area at rest is struck by a blow perpendicular to its plane 
at the middle point of one side, show that the instantaneous axis bisects the other 
two sides; but if the blow be delivered at a corner the instantaneous axis divides 
in the ratio of 3:1 each of the sides which meet at that corner. 
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This is not strictly a case of motion in two dimensions, but we may deduce the 
results from first principles, by taking moments about a straight line which passes 
through the point of application of the blow and one of the equivalent particles. 

Ex. 2. A triangular area ABC oscillates about one side AB as a horizontal 
axis under the action of gravity, show that the pressures on the fixed axis are 
equivalent to a vertical pressure at a point O which bisects 4B, and a pressure in 
the plane of the triangle which bisects the distance between O and the projection N 
of C on AB. The first is 177, the second is equal to the tension of a string 
pendulum whose length is }CN and bob weight 3W, where W is the whole weight. 


When a string connecting two parts of a dynamical system 
passed over a rough pulley, it was formerly the custom to take 
account of the inertia of rotation by replacing the pulley by 
another of the same size but without mass and loaded with a 
particle at its circumference. If a be the radius of the pulley, 
k its radius of gyration about the centre, m its mass, the mass 
of the particle is mk?/a*, so that for a cylindrical pulley the mass 
of the particle is half that of the pulley. This mass must then 
be added on to the other particles attached to the string. For 
example, if two heavy masses M, M’ are connected by a string 
passing over a cylindrical pulley of mass m, which can turn freely 
about its axis, the equation of motion is 


, , m\ dv _ ; 


where v is the velocity. Here the inertia of the pulley is taken 
account of by simply adding 4m to the mass moved. If the pulley 
be moveable in space as well as free to rotate, its inertia of trans- 
lation is as usual taken account of by collecting the whole mass 
into its centre of gravity. As this representation of the inertia 
of rotation is not often used now, the demonstration of the above 
remarks, if any be needed, is left to the reader. 


Hix. 3. A rod AB whose centre of gravity is at the middle point C of 4B has 
its extremities 4 and B constrained to moye along two straight lines Oz, Oy 
at right angles and is acted on by any forces. Show that the motion is the same as 
if the whole mass were collected into its centre of gravity and all the forces reduced 
in the ratio a?+k?: a, where 2a is the length AB and & the radius of gyration 
about the centre of gravity. 


Ex, 4. A circular dise whose centre of gravity is in its centre rolls on a perfectly 
rough curve under the action of any forces, show that the motion of the centre is 
the same as if the curve were smooth and all the forces were reduced in the ratio 
a?+k?: a, where a is the radius of the disc and k its radius of gyration about 
the centre. The systems start from rest. But the normal pressures on the curve in 
the two cases differ by Xk?/(a?+k?), where X is the force on the disc resolved 
along the normal to the rough curve. 


_150. On the stress at any point of a rod. dA rod OA 
being im equilibrium under the action of any forces, it is required 
to determine the action across any section of the rod at P. This 
action may be conceived to be the resultant of the tensions 
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positive or negative of the innumerable fibres which form the 
material of the rod. We know by statics that these may be 
compounded into a single force R acting at any point Q which we 
may choose and a couple G. Since each portion of the rod is in 
equilibrium, these must also balance all the external forces which 
act on the rod on one side of the section at P. If the section be 
indefinitely small it is usual to take Q in the plane of the section, 
and these two, the force R and the couple G, will together measure 
the stress at the section. 


If the rod be bent by the action of the forces, the fibres on 
one side will all be stretched and on the other compressed. The 
rod will begin to break as soon as these fibres have been suffi- 
ciently stretched or compressed. Let us compare the tendencies 
of the force R and the couple G to break the rod. Let A be the 
area of the section of the rod, then a force F’ pulling the rod will 
cause a resultant force R=’, and will produce a tension in the 
fibres which, when referred to a unit of area, is equalto f/A. The 
same force / acting on the rod at a distance p from P will 
cause a couple G= Fp, which must be balanced by the couple 
formed by the tensions. Let 2a be the mean breadth of the 
rod, then the mean tension produced by @ referred to a unit of 
area is of the order _ e Now if the section of the rod be very 
small p/a will be large. It appears therefore that the couple, when 
it exists, will generally have much more effect in breaking the 
rod than the force. This couple is therefore often taken to 
measure the whole effect of the forces to break the rod. The 
tendency of the forces to break a rod OA at any point P 1s measured 
numerically by the moment about P of all the forces which act on 
either of the segments OP, PA of the rod. 

The resolved part of the force R perpendicular to the rod is 
called the shear. This is equal to all the forces which act on either 
of the segments OP, PA, resolved perpendicular to the rod. 


If the rod be in motion the same reasoning will, by D’Alem- 
bert’s principle, be applicable ; provided that we include the re- 
versed effective forces among the forces which act on the rod. 

In most cases the rod will be so little bent that in finding 
‘the moment of the impressed forces we may neglect the effects 
of curvature. 

If the section of the rod be not very small, this measure of 
the “tendency to break” becomes inapplicable. It then becomes 
necessary to consider both the force and the couple. The case 
does not come within the limits of the present treatise, and the 
reader is referred to works on elastic solids. 


In the case of a string the couple vanishes and the force acts 
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along a tangent to the string. The stress at any point is therefore 
simply measured by the tension. 


151. Ex. 1, A rod OA, of length 2a, and mass m, which can turn freely about 
one extremity O, falls in a vertical plane under the action of gravity. Find the 
tendency to break at any point P. 


Let du be any element of the rod distant u from P and on the same side of P as 
the end A of the rod, and let OP=a. Let @ be the angle the rod makes with the 
vertical at the time t. The effective forces on du are 


du d20 du dé 
mz (e+u) ae and -mSe (ery (F) 


; 5. mel ; 
respectively perpendicular to andalong the rod. The impressed force is m os g acting 
vertically downwards. Let L be the stress-couple at P measured clockwise when 
acting on PA. By D’Alembert’s principle, the moment of the effective forces on 
PA about P is equal to the moment of pak plus that of the couple Z. Hence 

du , a6 + 
fms, (w@+u) w Ae eye Sa * gusin 6 +L, 
the limits being from w=0 to w=2a—a. This equation may also be obtained 
by equating — LZ to the moment of gravity plus that of the reversed effective forces 
on PA. Also, taking moments about O, the equation of motion is 


4a? .d70 _ cite 
m a de =mg 1 . 
: _mg sin é 
Hence we easily find L= Tea” (2a — 2). 


To find where the rod, supposed equally strong throughout, is most likely to 
break, we must make L a maximum. This gives dL/d~=0 and therefore 3x=2a. 
The point required is at a distance from the fixed end equal to one-third of the 
length of the rod. Its position is independent of the initial conditions. 


To find the shear at P we resolve perpendicularly to the rod. We have 


fm le (a +4) yee 
2a dt? 


where Y is the shear and the limits are the same as before. This gives 


= jm ou gsin 6-Y, 


mg sin 0 
Ye SiGe (2a —«) (2a- 32), 
which vanishes when the tendency to break is a maximum, and is a maximum at a 
distance from the fixed end equal to two-thirds of the length of the rod. 


To find the tension at P we resolve along the rod. If the tension X when acting 
on PA be measured in the direction OA, we have 


du dg ? du 
~ mo («+u) (a) = -Jm 5" gcosd+X. 


If the rod start from rest at an inclination a to the vertical, we find, by integrating 


2 
the equation of motion, () =3 =o 7g COS a cos @). Hence 


X= a (2a — x){ — 4a cos 9 +3 (cos a — cos @) (2a+<)}. 


From these equations we may deduce the following results. (1) The magnitudes 
of the stress couple and the shear are independent of the initial conditions. 
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(2) The magnitude of either the couple or the shear at any given point of the rod 
varies as the sine of the inclination of the rod to the vertical. (3) The ratio of the 
magnitudes of the stress couples at any two given points of the rod is always the 
same, and the same proposition is also true of the shears. (4) The tension depends 
on the initial conditions, and, unless the rod starts from rest in the horizontal 
position, the ratio of the tensions at any two given points varies with the position 
of the rod. 

When a tall chimney has to be taken down, it is usual to remove some bricks 
at the base on one side, replacing each by a wooden prop. When these have been 
set on fire the chimney, being unsupported on one side, falls like the rod OA and 
usually breaks at some point of its length. If the chimney were equally strong 
throughout its length the point of fracture should be one-third up. In an instan- 
taneous photograph seen by the author this was nearly true. 


Ex. 2. AV is a fixed smooth vertical rod, AC a rod freely jointed to AV at the 
fixed point A, BC a rod freely jointed to AC and arranged so that B can slide on 
AV, and a string is attached to the joint C, carrying a mass M. The system 
rotates with a uniform angular velocity w about AV. Obtain equations to find the 
inclinations (6, ¢) of AC and the string to the vertical, and show that the bending 
moment at a point P on AC at a distance x from A is 

ma (x — a) 
6a 
where a is the length, m the mass of each of the rods 4C and BC. 
[Coll. Exam, 1904. 

The system is turning uniformly round AV, hence the only effective force on an 
element dm of mass of the rod AC distant wu from AV is w’udm. All these parallel 
forces are evidently equivalent to a resultant 4mw?a sin @ tending from AV and 
acting at a point distant 2a/3 from A. See also Arts. 47, 114. 

Let X, Y be the horizontal and vertical components of the reaction at A, let 
«=AP. By taking moments about P for the portion AP of the rod AC we find 
(if A is above B) 


sin 0 {3g — w? (v +a) cos 6}, 


x8 epee : 
Gq t mg sin 0 5, ~ Xx cos O+ Ya sin 6=0. 
This is also numerically equal to the moment of the effective forces on PC together 
with that of the reactions at the end C of the rod taken with proper signs. But 
both these moments vanish when P is at C, hence L=0 when x=a. Putting x=a, 
we have two equations which immediately lead to the given value of L. 

The result is not independent of M, for this mass enters into the equation 
implicitly through 6 which has not been determined above. 


L= — mw" sin 6 cos 0 


152. Ex.1. <A rigid hoop completely cracked at one point rolls on a perfectly 
rough horizontal plane and is acted on by no forces but gravity. Prove that the 
wrench couple at the point of the hoop most remote from the crack will be a maximum 
whenever, the crack being lower than the centre, the inclination of the diameter 
through the crack to the horizon is tan“! 2/7. [Math. Tripos, 1864. 


Let w be the angular velocity of the hoop, a its radius. The velocity of any 
point P of the hoop is the resultant of a velocity aw parallel to the horizontal plane 
and an equal velocity aw along a tangent to the hoop. The first is constant in 
direction and magnitude and therefore gives nothing to the acceleration of P. The 
latter is constant in magnitude but variable in direction and gives aw? as the 
acceleration, which is directed along a radius of the hoop. Let A be the cracked 
point, B the other end of the diameter, C the centre, 0 the inclination of ACB to 
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the horizon. Let PP’ be any element on the upper half of the circle, BCP=¢. 
Then the wrench couple, or tendency to break, at B is proportional to 


[Ft-astasin o+g {acosd —acos(p+ 6)}]ad¢= — 2a?w?+ ga? (m cos +2 sin @). 
0 


This is a maximum when tan 0=2/r. 


Ex. 2. Two of the angles of a heavy square lamina, a side of which is a, are 
connected with two points equally distant from the centre of a rod of length 2a, so 
that the square can rotate about the rod. The weight of the square is equal to the 
weight of the rod, and the rod when supported by its extremities in a horizontal 
position is on the point of breaking. The rod is then held by its extremities in a 
vertical position, and an angular velocity w is impressed on the square. Show that 
the rod will break if aw?> 3g. (Coil. Exam, 


Let B, CG be corners of the square; A, D the ends of the rod; Mg the weight of 
the square. First, place the rod ABCD in a horizontal position, the stress couple 
is greatest at the middle point O and is equal to 4Mga, the weight of the portion 
OA being collected at its centre of gravity B. This is therefore the breaking stress. 
Next, place the rod in a vertical position, the moment of its own weight about any 
point P in the rod being zero, the stress couple L at P is equal to the moment 
of some of the reactions at 4, B, C, D. Hence Lis a linear function of the distance 
az of P from A and can have no maxima or minima at any point except A, B, C, D. 
The stress couples at A, D evidently vanish and at B, C are respectively equal to the 
moments of the reactions at A, D. The reaction at the highest point A being 
greater than that at D, the rod breaks at B. The given result is obtained by 
equating the moment of the reaction at A about B to the breaking stress. 


Ex. 3. A semicircular wire AB of radius a is rotating on a smooth horizontal 
plane about one extremity 4 with a constant angular velocity w. If a@ be the are 
between the fixed point A and the point where the tendency to break is greatest, 
prove that tan¢d=7-—¢. If the extremity B be suddenly fixed and the extremity 4 
let go, the tendency to break is greatest at a point P where }tan PBA=PBA. 

[Math. Tripos, 1886. 


Ex. 4, A wire in the form of the portion of the curve r=a (1+ cos 6) cut off by 
the initial line rotates about the origin with angular velocity w. Prove that the 


RE 


tendency to break at the point 0=5 is measured by m— wa, [St John’s Coll. 


Ex. 5. A heterogeneous rod OA is swung as a pendulum about an horizontal axis 
through O. Prove that if the rod break it will be at a point P determined by the 
condition that the centre of gravity of PA is the centre of oscillation of the pendulum. 

[Math. Tripos, 1880, 


On Friction between Imperfectly Rough Bodies. 


153. Components of a Reaction. When one body rolls 
on another under pressure, the two bodies yield slightly, and are 
therefore in contact along a small area. At every point of this 
area there is a mutual action between the bodies. The elements 
just behind the geometrical point of contact are on the point of 
separation and may tend to adhere to each other, those in front 
may tend to resist compression. The whole of the actions across 
the elements are equivalent to (1) a component R, normal to the 
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common tangent plane, and usually called the reaction; (2) a 
component F' in the tangent plane usually called the friction; 
(3) a couple ZL about an axis lying in the tangent plane, which 
we shall call the couple of rolling friction; (4) if the bodies have 
any relative angular velocity about their common normal, a couple 
NV about this normal as axis which may be called the couple of 
twisting friction. 

The two couples are found by experiment to be in most cases 
very small and are generally neglected. But when the friction 
forces are also small it may be necessary to take account of them. 
We shall therefore consider first the laws which relate to the 
friction forces, as being the most important, and afterwards those 
which relate to the couples. 


154. Laws of Friction. In order to determine the laws 
of friction forces we must make experiments on some simple cases 
of equilibrium and motion. Suppose then a symmetrical body to 
be placed on a rough horizontal table and acted on by a force so 
placed that every point of the body is urged to move or does move 
parallel to its direction. It is found that if the force be less than 
a certain amount the body does not move. The first law of friction 
is therefore that the friction acts in such a direction and has such 
a magnitude as to be just sufficient to prevent sliding. 


Next, let the force be gradually increased, it is found by 
experiment that no more than a certain amount of friction can 
be called into play, and that when more is required to keep the 
body from sliding, sliding begins. The second law of friction 
asserts the existence of this limit to the amount of friction which 
can be called into play. Its value is called the lamiting friction. 

The third law of friction found by experiment is that the 
magnitude of the limiting friction bears a ratio to the normal 
pressure which is very nearly constant for the same two bodies in 
contact, but is changed when either body is replaced by another 
of different material. This ratio is called the coefficient of friction 
of the materials of the two bodies. Its constancy is generally 
assumed by mathematicians. 

Though all experimenters have not entirely agreed as to the 
absolute constancy of the coefficient of friction, yet it has been 
found generally that, if the relative motion of the two bodies be 
the same at all points of the area of contact, the coefficient of 
friction is nearly independent of the extent of the area of contact 
and of the relative velocity. 


155. Coulomb has pointed out a distinction which exists 
between statical friction and dynamical friction. The friction 
which must be overcome to set a body m motion relatively to 
another is greater than the friction between the same bodies when 
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in motion under the same pressure. He found also that if the 
bodies remained in contact for some time under pressure in a 
position of equilibrium, the friction which had to be overcome was 
greater than if the bodies were merely placed in contact and 
immediately started from rest under the same pressure. In some 
bodies the difference between the statical and the dynamical 
friction was found to be very slight, in others it was considerable *. 
The experiments of Morin in general confirmed its existence. Ac- 
cording to some experiments of Fleeming Jenkin and J. A. Ewing, 
described in the Phil. Trans. for 1877, the transition from statical 
to dynamical friction is not abrupt. By means of an apparatus 
which differed essentially from any previously employed they were 
able to make definite measurements of the friction between surfaces 
whose relative velocity varied from about one hundredth of a foot 
per second to about one five-thousandth of a foot per second. 
Between the limits of these evanescent velocities the coefficient 
of friction was found to be decreasing gradually from its statical 
to its dynamical value as the velocity increased. 


The experiments of Coulomb and Morin were made with bodies 
moving at moderate velocities, but some experiments have been 
lately made by Capt. Douglas Galton on the friction between cast- 
iron brake blocks and the steel tyres of wheels of engines moving 
with great velocities. These velocities varied from seven feet to 
eighty-eight feet per second, i.e. from five to sixty miles per hour. 
Two results followed from his experiments: (1) the coefficient of 
friction was very much less for higher than for lower velocities, 
(2) the coefficient of friction became smaller after the wheels had 
been in motion for a few seconds. See the Report of the British 
Association for the meeting in Dublin, 1878. The reader will find 
an account of some experiments on rolling friction by Prof. Osborne 
Reynolds in the Phil. Trans. for 1876. 


156. When bodies are said to be perfectly rough it is usually 
meant that they are so rough that the amount of friction necessary 
to prevent sliding under the given circumstances can certainly be 
called into play. The coefficient of friction is therefore practically 
infinite. By the first law of friction, the amount which 7s called 
into play is that which is just sufficient to prevent sliding. 


157. Application of the laws of Friction. Let us now 
extend the theory deduced from these experiments to the case in 
which a body moves or is urged to move in any manner in one 
plane. It is a known kinematical theorem, which will be proved 
at the beginning of the next chapter, that such a motion may 
be represented by supposing the body to be turning round some 

* The results of Coulomb’s experiments are given in his Théorie des machines 
simples, Mémoires des Savants étrangers, tome x. This paper gained the Prize 
of the Académie des Sciences in 1781 aud was published separately in Paris, 1809. 
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instantaneous centre of rotation. Let O be the centre of rotation, 
then any point P of the body is moving or tends to move in 
a direction perpendicular to OP. 


The friction at P, by the first rule just given, must also act 
perpendicular to OP but in the opposite direction. If P move, 
the amount of friction at P is limiting friction and is equal 
to wR, where R is the pressure at P and pw the coefficient of 
friction. Thus in a moving body the direction and the magnitude 
of the friction at every sliding point are known in terms of the 
cocrdinates of O and the pressure at the point. 


Suppose for example that it is required to find the least couple 
required to move a heavy disc resting by several pins on a hori- 
zontal table, the pressures at the pins being known. By resolving 
in two directions and taking moments about a vertical axis we 
obtain three equations. From these we can find the required 
couple and the two coordinates of 0. 


It sometimes happens that O coincides with one of the points 
of support of the body. In this case the friction at this point of 
support is not limiting. It is only just sufficient in‘amount to 
prevent the point from sliding. 


Ex. A heavy body rests by three pins 4, B, C on a rough horizontal table, the 
pressures at the pins being P, Q, R. If the body be acted on by a couple so that it 
is just on the point of moving, show that the centre of rotation is at a point O such 
that the sines of the angles 40B, BOC, COA areas R, P, Q. Butif the point O 
thus determined does not lie within the triangle ABC, the centre of rotation coincides 
with one of the pins. These results follow immediately from the triangle of forces. 


158. Discontinuity of Friction. The reader should par- 
ticularly notice the discontinuity just mentioned. The friction at 
any point of support which slides is wh, where F& is the normal 
pressure. But if the point of support does not slide, the friction 
1s some quantity /#, which is unknown, but must be less than 
wR. Its magnitude must be found from the equations of motion. 


Let a moving body be placed with one point A in contact 
with a fixed rough plane and let the initial velocity of A be zero, 
The point A may either begin to slide on the plane or the body 
may only roll. To determine which of these motions occurs, we 
may adopt either of two methods. 


In the first method, we investigate the friction required to 
keep A at rest. Assuming then that the body rolls, we write 
down the equations of motion. The friction # is unknown, but 
we have a geometrical equation to express the condition that the 
tangential velocity of A is zero. Solving these equations we find 
the ratio F/R. If this ratio is less than the coefficient of friction yp, 
enough friction can be called into play to keep A at rest. The 
body therefore will begin to roll and will continue to roll as long as 
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the ratio F/R continues to be less than w. If the ratio F/R is greater 
than uw, the body slides at A. When this happens the equations 
written down do not represent the true motion, and we adopt the 
second method. 

In the second method, we form the equations of motion on the 
supposition that the point A slides on the plane. The friction is 
then wR instead of F and the geometrical equation which expresses 
the fact that there is no slipping at A is absent. Solving these 
equations we find the tangential velocity of the point A of the 
body. If this velocity is not zero and is opposite to the direction 
in which the friction ~R acts when mw has a proper sign given to 
it, the true motion has been found. The body will slide at A and 
will continue to slide as long as the velocity at A does not vanish. 
When this occurs we again use the first method. 


159. Discontinuity may also arise in. other ways. When, for 
example, one body is sliding over another, the friction is opposite 
to the direction of relative motion, and numerically equal to the 
normal reaction multiplied by the coefficient of friction. If then, 
during the course of the motion the direction of the normal reaction 
should change sign, while the direction of motion remains unaltered, 
or if the dorection of motion should change sign while the normal 
reaction remains unaltered, the sign of the coefficient of friction must 
be changed. ‘This may modify the dynamical equations and alter 
the subsequent solution. The same cause of discontinuity operates 
when a body moves m a resisting medium, the law of resistance 
being an even function of the velocity, i.e. any function which does 
not change sign when the direction of motion is changed. 


160. Indeterminate Motion. In some cases the motion 
may be rendered indeterminate by the introduction of friction. 
Thus we have seen in Art. 112 that, when a body swings on two 
hinges, the pressures on the hinges resolved in the direction of 
the straight line joing them cannot be found. The sum of these 
components can be found, but not either of them. But there 
is no indeterminateness in the motion. If however the hinges 
were imperfectly rough, there would be two friction couples, one 
at each hinge, acting on the body, their common axis being the 
straight line joining the hinges. The magnitude of each would be 
equal to the pressure multiplied by a constant depending on the 
roughness of the hinge. If the hinges were unequally rough, the 
magnitude of the resultant couple would depend on the distribution 
of the pressure on the two hinges. In such a case the motion of 
the body would be indeterminate. 


161. Examples of Friction. Ex.1. 4 homogeneous sphere is placed at rest 
on a rough inclined plane, the coefficient of friction being u; determine whether the 
sphere will slide or roll. 


Let F be the friction required to make the sphere roll. The problem then 
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becomes the same as that discussed in Art. 144. We have, therefore, F=?R tana, 
where a is the inclination of the plane to the horizon. 

If then ? tana be not greater than p, the solution given in the article referred 
to is the correct one. But if ~<?tana the sphere begins to slide on the inclined 
plane. The subsequent motion is given by the equations 

m&=mg sina — wR, 0=-mgcosa+R, max + mk?6 = mga sin a. 

Eliminating R and remembering that the sphere starts from rest, we have after 


g 


integration x=}gt? (sin a— «cos a), Oe ee t? cos a. 


The velocity of the point of the sphere in contact with the plane is 
£-ab=gt (sina— Jp cos a). 
But since, by hypothesis, « is less than ? tan a, this velocity can never vanish. 


The friction therefore will never change to rolling friction. See also Art.136. The 
motion has thus been completely determined. 


Ex. 2. A uniform rod is placed at rest with one end in contact with a horizontal 
plane whose coefficient of friction is y. If the inclination of the rod to the vertical 
is a, show that it will begin to slide if 4 (1+3cos?a)<3sinacosa. ([Coll. Ex. 1881. 


Determine also if the rod will slide when yz has this limiting value. 


Considering only the last part of the question let @ be the angle the rod makes 
with the vertical at any subsequent time. We find on solving the equations of 
motion that the friction F necessary to prevent the sliding is given by 

F _sin@cos@+2sin 6 (cos 6 — cos a) 

R- 4-—sin?@+2 cos 0 (cos 0 — cos a) 
when §=a, thismakes F=yR. We now put d=a+é where fisasmallangle. We 
find after some easy reductions 


je 2 (1+7 cos 2a) & 
Pigs ( + sin 2a (5 +3 cos 2a) | ; 

Now & is positive, and if 1+7cos2a is also positive more friction will be 
required after a short time to keep the end of the rod at rest than called into 
play. 

162. A homogeneous sphere is rotating about a horizontal diameter, and is gently 
placed on a rough horizontal plane, the coefficient of friction being wu. Determine 
the subsequent motion. 

Since the velocity of the point of contact with the horizontal plane is not zero, 
the sphere evidently begins to slide, and the motion of its centre is along a 
straight line perpendicular to the initial axis of rotation. Let this straight line be 
taken as the axis of x, and let @ be the angle between the vertical and that radius of 
the sphere which was initially vertical. Leta be the radius of the sphere, mk? its 
moment of inertia about a diameter, and ( the initial angular velocity. Let R be 
the normal reaction of the plane. Then the equations of motion are clearly 


mi=uR, O=mg—-R, HULOS =PHRG —sonemoondscoeree ali), 


whence we have Od 0 = = Gl, unas eisa eaten jereisearcs (2). 
Integrating, and remembering that the initial value of 6 is Q, we have 


a=hygt?, =0t-2n2e LES lad iene (3). 


But it is evident that these equations cannot represent the whole motion, for 


9—2 
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they make #, the velocity of the centre of the sphere, increase continually, a result 
quite contrary to experience. The velocity of the point of the sphere in contact 


with the plane is &-ab= —aQ+5ugt. 
Q 
This vanishes at a time =F a a Nici a sBleh ne Mien una suloteeeteertratatevettes sc))s 


At this instant the friction suddenly changes its character. It now becomes 
of magnitude only sufficient to keep the point of contact of the sphere at rest. Let 
F be the friction required to effect this. The equations of motion will then be 

mi=F, O=mg-R, MUKEO == NAc, Neavent tumeeneetes (5), 
and the geometrical equation will be #=aé. 


Differentiating this twice, and substituting from the dynamical equations, we 
get F (a2+k?)=0, and therefore F=0. That is, no friction is required to keep 
the point of contact of the sphere at rest, and therefore none will be called into 
play. The sphere will therefore move uniformly with the velocity which it had 
at the time ¢,. Substituting the value of ¢, in the expression for ¢ obtained from 
equations (3) we find that this velocity is 7aQ. It appears therefore that the 
sphere will move with a uniformly increasing velocity for a time 2aQ/ug and will 
then move uniformly with a velocity ?aQ. It may be remarked that this velocity is 
independent of yu. 


If the plane be very rough, « is very great and the time t, is verysmall. Taking 
the limit when u is infinite we find that the sphere begins immediately to move with 
its uniform velocity. 


163. In this investigation the couple of rolling friction has been neglected (see 
Art. 158). Its effect is to diminish the angular velocity. The velocity of the lowest 
point of the sphere tends to be no longer zero, and thus a small sliding friction is 
required to keep that point at rest. Suppose the moment of the friction-couple 
to be measured by fmg, where fis a constant. Introducing this into the equations 
(5) the third is changed into 

mk20= — Fa —fmg, 
afmg 
a2 a5 k2 : 
Hence Fis negative and retards the sphere. The effect of the couple is to call into 
play a friction-force which gradually reduces the sphere to rest. 


the others remaining unaltered. Solving these as before we find F= — 


As the sphere rolls we may wish to determine the effect of the resistance of the 
air. The chief part of this resistance may be pretty accurately represented by 
a force mBv*/a acting at the centre in the direction opposite to motion, v being the 
velocity of the sphere and 6 a constant whose magnitude depends on the density of 
the air. Besides this there is also a small friction between the sphere and the air 
whose magnitude is not known so accurately. Let us suppose it to be represented 
by a couple whose moment is myv? where y is a constant of small magnitude. The 
equations of motion can be solved without difficulty, and we find 


Sp. [BEY foe B+y_ aN (B+y)J9, 
tan oe tony, /849 _ a? Ke t, 


where V is the velocity of the sphere at the epoch from which tis measured. 


164, Friction couples. In order to determine by experi- 
ment the magnitude of rolling friction, let a cylinder of mass M 
and radius r be placed on a ‘rough horizontal plane. Let two 
weights whose masses are P and P+p be suspended by a fine 
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thread passing over the cylinder and hanging down through a slit 
in the horizontal plane. Let F be the force of friction, Z the 
couple at the point of contact A of the cylinder with the horizontal 
plane. Imagine p to be at first zero, and to be gradually increased 
until the cylinder just moves. When the cylinder is on the point 
of motion, we have by resolving horizontally F = 0, and by taking 
moments L = pgr. Now in the experiments of Coulomb and Morin 
p was found to vary as the normal pressure directly, and as r 
inversely. When p was great enough to set the cylinder in motion, 
Coulomb found that its acceleration was nearly constant, whence 
it followed that the rolling friction was independent of the 
velocity. M. Morin found that it was not independent of the 
length of the cylinder. 

The laws which govern the couple of rolling friction are similar 
to those which govern the force of friction. The magnitude is 
just sufficient to prevent rolling. But no more than a certain 
amount can be called into play, and this is called the limiting 
rolling couple. The moment of this couple bears a constant ratio 
to the magnitude of the normal pressure. This ratio is called 
the coefficient of rolling friction. It depends on the materials in 
contact, it is independent of the curvatures of the bodies, and, in 
some cases, of the angular velocity. 

No experiments seem to have been made on bodies which touch 
at one point only and have their curvatures in different directions 
unequal. But, since the magnitude of the couple is independent 
of the curvature, it seems reasonable to assume that the axis of the 
rolling couple, when there is no twisting couple, is the instantaneous 
axis of rotation. 


165. In order to test the laws of friction let us compare the 
results of the following problem with experiment, 


Friction of a carriage. A carriage on n pairs of wheels is dragged on a level 
horizontal plane by a horizontal force 2P with uniform motion. Find the magnitude 
Lay fis Be 

Let the radii of the wheels be respectively r,, r., &c., their weights w,, wy, &e., 
and the radii of the axles p,, pe, &c. Let 2W be the whole weight of the carriage, 
2Q,, 2Q., &c. the pressures on the several axles, so that W=2Q. Let the pressures 
between the wheels and axles be R,, R,, &c. and the pressures on the ground 
Ry’, R,/, &c. Let C be the common centre of any wheel and axle, B their point of 
contact, and A the point of contact of the wheel with the ground, Let the angle 
ACB=0, supposed positive when B is behind AC. Let p be the coefficient of the 
force of sliding friction at B and f the coefficient of the couple of rolling friction 
at A. The equations of equilibrium for any wheel, found by resolving vertically 
and taking moments about 4, are 

Tia) teDitteieseteads (1), wR (r cos 0 —p)-RrsinO=fR’............ (2). 
The friction force at A does not appear because we have not resolved horizontally. 
The equations of equilibrium of the carriage, found by resolving vertically and 
horizontally, are 
Ros 0+hR sin0=Q.......5 (3), = (RK sin @- wR cos 0) +P=0.........(4). 
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The effective forces have been omitted because the carriage is supposed to move 
uniformly, so that the Md of the carriage and the mk*® of the wheel are both 
zero. The first three of these equations give, by eliminating R and R’, 


FE a ae Te) AeA Me Oe (5). 


cos 6+ sin 0 
This gives the value of 9. In most wheels p/r and w/Q are both small as well as f. 
In such a case wcos@—sin@ is a small quantity. If therefore »=tane we have 
0=e very nearly. The third and fourth of the equations give, by eliminating R, 
= ii 
Q=2 | eg Oth (0+ mI, 


usin 8+ cosdr 


pcos 6—sin 0 

I ep ree 

 8in 6+ cos 0 

the latter by equation (5). If p/r be small, it will be sufficient to substitute for @ in 
the first term its approximate value e. This gives 


p=z\sine®Q4f 


Here we have neglected terms of the order (p/7)? Q. 
If all the wheels are equal and similar we have, since 2Q= VW, 


P=sin 2 w+ fe CON Et (7). 


Thus the force required to drag a carriage of given weight with any constant 
velocity is very nearly independent of the number of wheels. 


In a gig the wheels are usually larger than in a four-wheel carriage, and there- 
fore the force of traction is usually less. In a four-wheel carriage the two fore 
wheels must be small in order to pass under the carriage when turning. This will 
cause the term sin €Qjp;/7, in the expression for P, depending on the radius r, of 
the fore wheel, to be large. To diminish the effect of this term, the load should be 
so adjusted that its centre of gravity is nearly over the axle of the large wheels, 
when the pressure Q, in the numerator will be small. 


Numerous experiments were made by a French engineer, M. Morin, at Metz in 
the years 1837 and 1838, and afterwards at Courbevoie in 1839 and 1841, with a 
view to determine with the utmost exactness the force necessary to drag carriages 
of different kinds over ordinary roads. These experiments were undertaken by 
order of the French Minister of War, and afterwards under the direction of the 
Minister of Public Works, ‘The effect of each variation was determined separately, 
thus the same carriage was loaded with different weights to determine the effect of 
pressure, and dragged on the same road in the same state of moisture. Then, the 
weight being the same, wheels of different radii but of the same breadth were used, 
and so on. 


The general result was that for carriages on equal wheels, the resistance varied 
as the pressure directly, and the diameter of the wheels inversely, whilst it was 
independent of the number of wheels. On wet soils the resistance increased as the 
breadth of the tire decreased, but on solid roads the resistance was independent of 
the breadth of the tire. For velocities which varied from a foot pace to a gallop, the 
resistance on wet soils did not increase sensibly with the velocity, but on solid roads 
it did increase with the velocity if there were many inequalities on the road. As 
an approximate result it was found that the resistance might be expressed by a 
function of the form a+bV, where a and b were two constants depending on the 
nature of the road. and the stiffness of the carriage, and V was the velocity. 
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M. Morin’s analytical determination of the value of P does not altogether agree 
with that given here, but it so happens that this does not materially affect the 
comparison between theory and observation. See his Notions Fondamentales de 
Mécanique, Paris, 1855. It is easy to see that M. Morin’s experiments tend to 
confirm the laws of rolling friction stated in a previous article. 


166. Problems on Friction. Ex.1. A homogeneous sphere is projected 
without rotation directly up an imperfectly rough plane, the inclination of which 
to the horizon is a, and the coefficient of friction u. Show that the whole time 
during which the sphere ascends the plane is the same as if the plane were smooth, 
and that the time during which the sphere slides is to the time during which it rolls 
as 2tana:7u. 


Ex. 2. A homogeneous sphere rolls down an imperfectly rough fixed sphere, 
starting from rest at the highest point. If the spheres separate when the straight 
line joining their centres makes an angle @ with the vertical, prove that 


cos $+ 2u sin p= Ae, 
where 4 is a function of yu only. (Coll. Exam. 


Proceeding as in Art. 145, we show that R remains positive and that the sphere 
rolls until 2 sin ¢/u=17cos¢—10. The sphere then slides and R changes sign 
when ¢ satisfies the equation given in the question. 


Ex. 3. A rough cylinder of mass 2nm capable of motion about its horizontal 
axis has a particle of mass m and coefficient of friction » placed on it vertically 
above the axis. The system is then slightly disturbed. Show that the particle will 
slip on the cylinder after it has moved through an angle 0 given by 


(n+3) cos @-2=n sin O/p. 


Ex. 4. A homogeneous sphere of mass M is placed on an imperfectly rough 
table, the coefficient of friction of which is ». A particle of mass m is attached to 
the extremity of a horizontal diameter. Show that the sphere will begin to roll or 

5 (M+m)m 
7M24+17Mm + 5m2* 
this value, show that the sphere will begin to roll if 5m?<M2+11Mm. 


slide according as pu is greater or less than If « be equal to 


Ex. 5. A ring of radius a is fixed on a smooth horizontal table; a second ring 
is placed on the table inside the first and in contact with it, and is projected with 
velocity V, but without rotation, in a direction parallel to the tangent at the point 
of contact. Find the time that elapses before slipping ceases between the rings if 
the coefficient of friction between them is u and prove that the point of contact will 
in this time describe an are of length (alog 2)/u. Discuss the motion that will 
ensue if at the moment slipping ceases the fixed ring be released and left free 
to move, and prove that during the time that the inner ring rolls half round the 


outer one the centre of the latter will be displaced a distance ae (a -b) \/(1? +4) 


where m, M are the masses of the inner and outer rings and b is the radius of the 
inner ring. [Math. Tripos, 1900. 


Bx. 6. A rod AB has two small rings at its extremities which slide on two 
rough horizontal rods Ox, Oy at right angles. The rod is started with an angular 
velocity @ when very nearly coincident with Ox. Show that, if the coefticient of 


= ; Pete Ze 3 ut 
friction is less than 2, the motion of the rod is given by 0= Bi log (1 Ae 2) 
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until tan @=2/u, and that when the rod reaches Oy its angular velocity is w, where 


6 nea, 
= tana (2+ we?) (44+ pv?) 
2, 2—p? = 2 aE, 
;  (2=#%) (4—#) 


and 6 is the angle the rod makes with Ox. What is the motion if u?>2? 

We deduce from the equations of motion that when u?<2, both the reactions at 
the beginning of the motion act outwards from the quadrant in which the rod les, 
During the motion one reaction changes sign while the corresponding friction con- 
tinues to act in the same direction as before: the angular velocity is found not to 
vanish. 


167. Rigidity of Cords. After having used the apparatus 
with a fine cord described in Art. 164 to determine the laws of 
friction, Coulomb replaced the cord by a stiffer one and repeated 
his experiments with a view to obtain a measure of the rigidity 
of cords. His general result may be stated as follows. Suppose 
a cord ABCD to pass over a pulley of radius r, touching it at B 
and C, and moving in the direction ABCD. Then the rigidity 
may be represented by supposing the cord to be pertectly 
flexibleyand the tension 7’ of the portion AB of the cord which 


is about to be rolled on the pulley to be increased by a quantity 


hk. The force & measures the rigidity and is equal to & are 


where a and b are constants depending on the nature of the cord. 


It appears therefore that, in the equation of moments about 
the axis of the pulley, the rigidity of the cord which is being wound 
on the pulley is represented by a resisting couple of magnitude 
a+bT, where 7 is the tension of the cord which is being bent, 
and a, 6 are two constants depending on the nature of the cord. 
The rigidity of the cord which is being unwound will be represented 
by a couple whose magnitude is a similar function of the tension 
of that cord. But as its magnitude is very much less than the 
first it is generally omitted. 


Besides the experiments just alluded to, Coulomb made many 
others on a different system. He also constructed tables of the 
values of a and 6 for ropes of different kinds. The degrees of 
dryness and newness and the number of independent threads 
forming the cord were all considered. Rules were given for com- 
paring the rigidities of cords of different thicknesses. 


On Impulsive Forces. 


168. Equations of motion. In the case in which the 
impressed forces are impulsive the general principle enunciated in 
Art. 131 of this chapter requires but slight modification. 

Let (u, v), (w’, v’) be the velocities of the centre of gravity of 
any body of the system resolved parallel to any rectangular axes 
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respectively just before and just after the action of the impulses. 
Let and w’ be the angular velocities of the body about the 
centre of gravity at the same instants. Let Mk? be the moment 
of inertia of the body about the centre of gravity. Then the 
effective forces on the body are equivalent to two impulsive forces 
measured by M(u'—u) and M(v’—v) acting at the centre of 
gravity parallel to the axes of coordinates together with an 
impulsive couple measured by Mk? (w’— ). 

The resultant effective forces of all the bodies of the system 
may be found by the same rule. By D’Alembert’s principle 
these are equivalent to the impressed forces. The equations of 
motion may then be found by resolving in such directions and 
taking moments about such points as may be found most con- 
venient. 

To take an example, let a single body be acted on by a blow 
whose components are X, Y and whose moment round the centre 
of gravity is L. The equations of motion are evidently 

M(w-—uy=X, M('-v)=Y, MP (o'-o)=L. 

In many cases it will be found that by using the principle of 
virtual work the elimination of the unknown reactions may be 
effected without difficulty. 


169. We notice that these expressions for the effective forces 
depend on the differences of the momenta just before and just 
after the action of the impulses. We may therefore conveniently 
sum up the equations obtained by resolving in any direction and 
taking moments about any point in the two following forms : 

Res. Lin. Mom, Res. Lin. Mom.\ _ (Resolved 

( after impulse a ease eae a ( impulse ) : 
Ang. Momentum Ang. Momentum) _ /Moment 3) 

( after impulse ) ( before impulse )=( impulse /’ 

An elementary proof of these two results is given in Art. 87. 
The expression for the Linear Momentum is given in Art. 74, 
and various expressions used for Angular Momentum are given 
in Art. 134, 

When a single blow or impulse acts on a system, we may 
conveniently take moments about some point in its line of action, 
and thus avoid introducing the impulse into the equations. We 
then deduce from the equation of moments that the angular 
momentum of a system about any point in the line of action of 
an impulse vs unaltered by that impulse. 

170. Ex.1. A string is wound round the circumference of a circular reel, and 
the free end attached to a fixed point. The reel is then lifted up and let fall so that, 
at the moment when the string becomes tight, it is vertical and a tangent to the reel. 
The whole motion being supposed to be parallel to one plane, determine the effect of 
the impulse. 
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The reel in the first instance falls vertically without rotation. Let v be the 
velocity of the centre at the moment when the string becomes tight; v’, w’ the 
velocity of the centre and the angular velocity just after the impulse. Let T be 
the impulsive tension, mk? the moment of inertia of the reel about its centre of 
gravity, a its radius. 

In order to avoid introducing the unknown tension into the equations of motion, 
let us take moments about the point of contact of the string with the reel; we 


then have m0 (v' —v) G4 M20! =O vo onccesscsscasnendssserssnsseni (1). 


Just after the impact the part of the reel in contact with the string has no 


velocity. Hence US CIAVEA) nonectagoadononuuoubonaontidnaebenesnb0000 (2). 
: Ge 20 2 aud A : - 
Since ers , we have OSE oi —. v. If it be required to find the impulsive 
tension, we have by resolving vertically m(v’-v)=-T, «“. T=3mv. 


To find the subsequent motion. The centre of the reel begins to descend 
vertically, and there is no horizontal force on it. Hence it will continue to descend 
in a vertical straight line, and throughout all the subsequent motion the string is 
vertical. The motion may therefore be easily investigated as in Art. 144. If we 
put a=47, and F for the finite tension of the string, it may be shown that F is 
one-third of the weight, and that the reel descends with a uniform acceleration $9. 
The initial velocity v’ of the reel has been found in this article, so that the space 
descended in a time ¢ after the impact is v’t+4gt?. 


Ex. 2. A sphere with any initiai conditions moves in a vertical plane which 
intersects a fixed inclined plane along the line of greatest slope. If the sphere be 
rough and elastic, prove that the expression U=au+ k?w—agt sina is unaltered by 
any impact on the plane and is constant throughout the motion, where w is the angular 
velocity of the sphere, u the velocity of its centre resolved parallel to and down the 
plane at any time t, a the radius and a the inclination of the plane to the horizon. 


We notice that the impulse acts at the point of contact. Taking moments about 
this point we have au’ + kw’ =au + kw, 
wu’, w’ being the values of u, w after the impact. The expression U is therefore 
unchanged by an impact. 


No geometrical equation has been used in arriving at this result. It is therefore 
true whether the body be elastic or not and whether it rolls or slides. 


If the body rebound and leave the plane, its centre of gravity will describe a 
parabola. We know that w—gt sina and w will then each be constant. The 
expression U therefore remains unchanged during the parabolic motion. 


If the body again impinges on the plane we see as before that the expression U 
is unaltered by this second or any subsequent impulse. 


If the body simply rolls or slides on the plane without rebounding we have as 
in Art. 144 max +mk?a=mga sin a. 
Hence by integration the expression U remains unchanged during this motion. 

If after any number of rebounds the sphere passes over some part of the plane 
which is so rough and inelastic that the sphere rolls, we have in addition the 


equation w=aw. Joining this equation to the condition that the expression U is 
equal to its initial value, we have two equations to find the values of wu and w. 
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171. Impact of a single Inelastic body. A disc of any 
form 1s moving in its own plane in any manner. Suddenly a point 
O on tt is seized and made to move in some given manner. Find 
the intial motion of the disc. 

Let Ox, Oy be two rectangular directions to which it is con- 
venient to refer the motion. As explained in Art. 168, let (u, v) 
be the resolved velocities of the centre of gravity G in these 
directions and w the angular velocity of the body just before the 
motion of O is changed. Thus if Oz can be chosen conveniently 
parallel to the direction of the motion of the centre of gravity we 
have the simplification v=0. Let (w’,v’) be the resolved velocities 
of the centre of gravity in the same directions and ’ the angular 
velocity just after the change. Let (a, y) be the coordinates of 
the centre of gravity referred to the axes Ox, Oy at the instant of 
the change, and let OG =r. 

Since the angular momentum of the body about the point of 
space through which O is passing is unchanged by the blow, we 
have, by Art. 134, 

M (av' — y' + ko’) = M (av — yu + ko). 
Let (U’, V’) be the resolved parts of the velocity of O just 
after the change. Then we have, by Art. 137, 
u’ = U'— yo’, v' =V' + ao’. 
From these three equations we easily find 
(k? +7?) wo =a2 (v—V’)—y(u-U’) + ko. 
Let LZ, L’ be the moments round the centre of gravity G of the 
velocities of O just before and just after the fixing, then 
L=(u+yo)y—(v—2o) x, [’=U'y—V'e. 
The equation to find w’ becomes 
(k? + 7°) (ao —-o)=L' —-L, 
where L, L’, w, wo’ are all measured the same way round G, Another 
proof is given in Art. 207. 

If the point O be suddenly fixed we have U’=0, V’=0, and 
then we find (+7?) 0 =a-yuth'o. 

To find the blow at O necessary to produce the given change. 

Let X, Y be the components of the blow parallel to the axes 
Ox, Oy. Then by Art. 168 we have, resolving parallel to the 
axes, M (u'-—u)=X, M(v'-v)=Y. 

If we take the axis of « to pass through the centre of gravity, 
we have y=0. We then find by substitution 


/ ke / 
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171 a. Ex. 1. A circular area is turning about a fixed point 4 on its circum- 
ference. Suddenly A is loosed and another point B on the circumference is fixed. 
If AB is a quadrant, show that the angular velocity is reduced to one-third of its 
value. If AB isa third of the circumference the area is reduced to rest. 


Ex. 2. A disc, moving in its own plane, is reduced to rest by suddenly fixing a . 
point O. Prove that O lies in a straight line which is parallel to the direction 
of motion of the centre of gravity G and is distant k?w/w from it, where w is the 
velocity of G. 


172. Work of an impulse. A body of mass M is acted on 
at a given point P by an impulsive force R. To find the change in 


the vis viva. 


An impulse is the limit of a great force acting for a very short 
time (Art. 84), and from this definition we may deduce the work 
done by the impulse and thence the loss or gain of vis viva (Art. 
141). ‘This is the course adopted in the first section of Chap. VII. 
We shall however here deduce the result directly from the equa- 
tions of impulses given in Art. 169. 


Let the axis of x be parallel to and distant y from the line of 
action of the impulse. Then, the origin being at the centre of 
gravity, the equations of motion are by Art. 168 

u —u=R/M, v—-—v=0, wo —w=— Ry/ Mk’. 
The gain of vis viva is by Art. 139 
= M (vw? +v?4+ ko?) — M (w+ + ko?) 
=R{2(u-—yo)+ kh(y?+ k)/Me}. 
But by (1) w—o'y=u-—oyt+ hy? + k*)/ MP ; 
. gain of vis viva= R {(u— yo) + (w’ — y'o’)} «0... (2). 

The gain of kinetic energy is of course the half of this 
quantity. If V and V’ are the velocities of the point of applica- 
tion of the blow resolved in the direction of the blow just before and 
gust after the impulse, then the gain of kinetic energy is 4(V’+V) R. 
This result is due to Kelvin. 


In the same way the vis viva of the relative motion is 
M (ww —uy+ M (v' - 0)? + Mk? (o@’ — wo) 
R? Ry? , ; 
=o + me — Be — oy) — w— @y)}. 
It follows immediately that the kinetic energy of the relative motion 
of the system just before and just after the action of the impulse 
Rist(V'—-V)R. 
Both these results and the two last examples in Art. 173 b are special cases of 
much more general theorems, which apply to any system of bodies and any number 


of impulses. These, with some others equally important, are given at the end of 
Chapter vi1., with demonstrations founded on the principle of virtual velocities. 
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172 a. If the impulse R make an angle ¢ with the axis of 2, 
let X = Reos $d, Y= Ksin ¢ be its components. Let also (V,, V,), 
(V;', Vy’) be the components of the velocities of the point.P just 
before and just after the blow. The gain of kinetic energy then 
becomes by similar reasoning 


BC ae e) tory SCV 1 Vy.) vaceeaencnaen es (3). 
When therefore we find the gain of energy due to the com- 
ponents X, Y we may treat each component separately as if it 


were the only impulse acting on the body and then add the 
results, 


In some cases of impact the direction of the impulse R is not fixed in space. 
To use the rule in Art. 172 we resolve each element dR of R into two fixed directions; 
let these components be dX, dY. The body may now be regarded as acted on by 
two impulses X, Y, the direction of each being constant. The gain of energy due to 
these is given by (3). There is a further discussion of this point in Arts. 192—196, 
327—329, and in the first section of Chap. vm. 


173. Impact of two bodies. When two bodies impinge on 
each other, we may deduce from Art. 172 an expression for the 
gain or loss of kinetic energy. Let S be the magnitude of the 
blow, which we suppose fixed in direction during the whole 
impact, Art. 172a. Since S is negative for the impinging body, 
the gain of energy is 

my aS (Vi a eee aS (Vo+ Vey=—-tS(0+ T); 

where V,, V, are the components of velocity of the point of 
impact of the striking body, V., V./ those for the body struck, and 
U=V,-V,, U’=V,'’—V, are the velocities of the point of 
contact of the striking body relative to those of the body struck, 
all resolved in the direction of the blow on the latter body. The 
loss of kinetic energy is therefore the product of the blow by the 
mean of the resolved relative velocities just before and just after 
umpact. 

When the bodies are smooth and inelastic, there is only a normal 
reaction R, which is such that the bodies do not separate just 
after impact. Hence U’=0 and the loss of energy is 4RU, where 
U is the relative normal velocity of the points of contact just 
before impact. 


When the bodies are sufficiently rough to destroy sliding there 
is also a frictional impulse #, which is such that the tangential 
velocities of the two bodies become equal. Hence U’ is again 
zero and the loss of energy due to the friction is 4#U, where U is 
now the relative tangential velocity of the points of contact before 
impact. In this case, if S be the resultant blow, and the bodies 
are inelastic, the loss of energy is SU, where U is here the relative 
velocity of the points of contact resolved in the direction of the 


blow S, Art. 172. 
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173a. If the impinging bodies are smooth with a coefficient of 
restitution e, we may obtain a corresponding rule for the loss of 
energy. We see by Art. 172 that the resolved velocity of the 
point of application of a blow is 


wu —ow'y=u—oyt R(y? + k?)/ Mk’. 


Hence, when two smooth bodies impinge, the normal velocities 
of the points of contact (and therefore also the relative normal 
velocity) are, at any stage of the impact, linear functions of the 
reaction up to that stage (Art. 179). We write therefore 


U’=U+ LK, 


where U is the normal relative velocity just before impact, U” 
that at any stage defined by the magnitude of R, and LF is a 
constant which is independent of R but depends on the form 
of the impinging bodies. At the instant of greatest compression 
(Art. 179) when R= R,, U”=0. When the impact is concluded 
and R=R,(1+e), let U’ be the normal relative velocity. We 
thus have 


O=U+DR,, U'=U+LR, (1 +e), *. U =—ev. 


The ratio of the normal relative velocities of the points of contact 
just after and just before impact rs therefore equal to —e. 


By (4) of Art. 173, the loss of kinetic energy due to an impact 
is $S(U+U’). Hence, if S represent the whole blow, that is 
R,(1 +e), the loss of kinetic energy 1s 4SU (1 —e), where U is the 
normal relative velocity just before impact. 


173b. Ex.1. Prove that the loss of kinetic energy at the impact of two per- 

fectly rough inelastic uniform spheres of masses M,, M, is ule) where 
nail ELUDES AN 

u, v are the relative velocities before impact of the points of contact tangentially 

and normally. (Coll. Hxam. 1904. 


Ex. 2. A disc at rest is acted on by an impulse in its own plane. Prove that 
the vis viva generated by the impulse is greater when the body is free than when it 
is constrained to turn round some fixed point. 


Ex. 3. Two straight lines Ox, Oy are drawn at right angles in the plane of a 
dise which is at rest. Suddenly the point O is made to move with a given velocity 
in the direction Oz. Prove that the vis viva generated when the body is free is 
less than if it were constrained to turn about a fixed point C which lies in Oy. 


174. Examples of different kinds of Impacts. Ex.1. An inelastic sphere 
of radius a, sliding with a velocity V on a smooth horizontal plane, impinges on 
a perfectly rough fixed point or peg at a height c above the plane. Show (1) that 

2 2 
unless the velocity V be greater than yi 29¢ am the sphere will not jump over 
the peg. Supposing the velocity V to have this value, show (2) that the sphere 
a+ ik? 


will immediately leave the peg if © b a 
Af peg 1 - e greater than Ba? ek" 


In this latter case 
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show (3) that the sphere will again hit the peg after a time t, given by the lesser 
A 7 2 
root of the equation 49*t?- U sin agt+ U?—ag cosa=0, where U2=2gc a and 
a+ Kk 


€ 
cos a=1— oe Show also that the roots of this quadratic are real and positive. 


Ex. 2, A rough inelastic sphere rolls down over the rungs of a sloping ladder 
without slipping or jumping, leaving each rung in turn as it impinges on the next, 
Show that the descent may be made without gathering or losing speed only if the 
slope @:of the ladder is less than the acute angle 0 given by the equation 


2 
tan (09+) cot a=2— sinta /(14 =) ; 
and greater than the acute angle 6, given by the equation 
2 
tan 6;/2=sin a (1—cos a) / (costa +5) 5 


7 being the radius of the sphere, k its radius of gyration about a diameter and 
2r sina the distance between consecutive rungs of the ladder, 
[Math. Tripos, 1898. 


Let w be the angular velocity with which the sphere begins to turn round any 
rung just after impact, and w’ that with which it arrives at the next rung. The 
principle of vis viva supplies one equation connecting w, w’ and 6. We have a 
second equation because the angular momentum is not altered by the impact, 
Art. 171. We obtain an inferior limit to the value of w because the vis viva must 
be sufficiently great to carry the centre of gravity over its highest position. We 
have a superior limit because the angular velocity must not be so great that the 
sphere leaves the rung before it arrives at the next rung. 


Ex. 3. A rectangular parallelepiped of mass 3m, having a square base ABCD, 
rests on a horizontal plane and is moveable about CD as a hinge. The height of 
the solid is 3a and the side of the base a. A particle m moving with a horizontal 
velocity v strikes directly the middle of that vertical face which stands on AB 
and lodges there without penetrating. Show that the solid will not upset unless 
9v2 > 53ga. [King’s Coll. 


Ex. 4. A vertical column in the form of a right circular cylinder rests on 
a perfectly rough horizontal plane. Suddenly the plane is jerked with a velocity V 
in a direction making an angle e with the horizon. Show that the column will not 
be overturned unless (1) the direction of the jerk be such that a parallel to it drawn 
through the centre of gravity does not cut the base, and (2) the velocity of the 

1—cos0@ 

cos? (O46) 
Here 21 is the length of a diagonal of the cylinder and @ is the angle any diagonal 
makes with the vertical. 


jerk be greater than U, where U is given by U?=4gl (15+ cos76) 


Ex. 5. If the velocity of the jerk of the horizontal plane be exactly equal to U, 
find the vertical pressure of the cylinder on the plane. Show that the cylinder 
will not continue to touch the plane during the whole ascent of the centre of 
gravity unless 1+4sin 0<3cos 9. What is the general character of the motion 
if this condition is not satisfied ? 

Let the cylinder touch the ground at the point A of the rim, and let ¢ be the 
angle made by the diagonal through A with the vertical. Then by the principle of 
vis viva we have (k2+12) ¢?=C — 2g cos ¢, 
where k2=/ (3 c0s?0+4sin?0), by Art. 17, Ex. 8. If the angular velocity of the 
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cylinder vanishes when the centre of gravity is at its highest we have C= 2gl. Let 
mR be the vertical reaction at 4, where m is the mass of the cylinder, Then 


2 
te (Leos ¢)=R-g. From these equations we find 


124 72 
R ane =3 cos?¢—2 cos +4 cos? +4 sin2¢. 
gt 
If R vanish we have cos@=4(1-+}sin 0). In order that R may keep one sign both 
these values of ¢ must be excluded by the circumstances of the case, i.e. both these 


values of ¢ must be greater than @. This leads to the result given above. 


175. Earthquakes. The last two problems are interesting from their connection 
with Mallet’s theory of earthquakes. Let us suppose that the action of an earth- 
quake on any building may be represented by such a motion of the base as that 
of the plane just described. Then the direction and the magnitude of the equivalent 
jerk are both independent of the building operated on, and depend only on the 
nature of the earthquake at the place. 

On these principles Mr Mallet has constructed a seismometer of great simplicity. 
A set of six right cylinders is turned in some hard material such as boxwood. 
The cylinders are all of the same height but vary in diameter. They stand upright 
on a plank fixed to a level floor in the order of their size, with a space between 
each pair greater than their height, so that when one falls it does not strike its 
neighbour. When a shock passes, some of the cylinders are overturned and some 
left standing. Suppose the jerk to knock over the narrow based cylinders 4, 5, 6, 
leaving the broader based cylinders 1, 2, 3 standing, then the jerk must have been 
greater than that required to overturn cylinder No. 4, but not great enough to 
overturn cylinder No. 3. 

The formula used is that given in Ex. 4, which is ascribed by Mr Mallet to 
Dr Haughton. The yalue of e is small when the origin or focus of the earthquake 
is distant, so that as a first approximation we may put e=0. It does not appear 
to have been noticed that if we are to use this formula for the standing cylinders 
they must be such as to satisfy the conditions given in Ex. 5. 


In December, 1857, an earthquake of great violence occurred in the southern 
provinces of Italy. Mr Mallet visited the place early in the next year for the 
express purpose of determining the circumstances of the shock. The problem to 
be solved was to some extent a mechanical one. Given the positions of the over- 
turned columns and buildings, to find the depth and position of the focus or origin 
of the earthquake, the velocity of the earthquake wave, and the magnitude of the 
jerk at any place. In this case the depth of the focus was about three miles 
below the surface of the earth, the velocity of the wave was about 800 feet per 
second, while the velocity of the jerk, which upset several buildings, was as little as 
12 feet per second. This last is about the same velocity as that acquired by a 
particle falling from rest under gravity through a height of between two and three 
feet. See The Great Neapolitan Earthquake of 1857, two volumes, 1862, by 
R. Mallet. The observations made during the earthquake of Dec. 1884 in Spain 
and that of August 1886 at Charleston indicated a depth of focus very much greater 
than that above given. See Flammarion, L’Astronomie, Oct. 1887. 


The column seismometer described above has not been very successful in 
practice. The displacement of the earth is not a simple rectilinear motion, but 
rather a prolonged series of motions in different directions. These give rotational 
motions to the columns which therefore fall in different directions, A model, by 
means of a long copper wire, of the actual path of a point on the earth’s surface 
during a seyere earthquake in Jan, 1887 in Japan has been constructed by Prof, 


ART. 176] ON IMPULSIVE FORCES 145 


Sekiya and is described in Nature, Jan. 26, 1888. Whatever degree of accuracy this 
may have, it tends to show the complicated nature of the displacement. For an 
account of modern seismometers the reader may consult Milne’s Harthquakes, 1886, 
Nature, April 12, and July 26, 1888, and Phil. Mag. April, 1887. Some experi- 
ments in connection with earthquakes are also described in the Proceedings of the 
Royal Society for Dec. 1881. The velocities and amplitudes of the waves of direct 
and transverse vibration were separately determined. The motion of a point on the 
earth’s surface was found to be such as would result from the composition of two 
harmonic motions of different periods and in different directions. 


176. Impact of a Compound Inelastic body. Four equal rods each of length 
2a and mass m are freely jointed so as to form a rhombus. The system falls from 
rest with a diagonal vertical under the action of gravity and strikes against a fixed 
horizontal inelastic plane. Find the subsequent motion. See Art. 408. 


Let AB, BC, CD, DA be the rods and let AC be the vertical diagonal impinging 
on the horizontal plane at A. Let V be the velocity of every point of the rhombus 
just before impact and let a be the angle any rod makes with the vertical. 


Let u, v be the horizontal and vertical velocities of the centre of gravity and w 
the angular velocity of either of the upper rods just after impact. Then the 
effective forces on either rod are equivalent to the force m(v—V) acting vertically 
and mw horizontally at the centre of gravity and a couple mk?w tending to increase 
the angle a. Let R be the impulse at C, the direction of which by the rule of 
synimetry is horizontal. To avoid introducing the reactions at B into our equa- 
tions, let us take moments for the rod BC about B and we have 

mk?w+m(v—-V) asina—muacosa= —R.2a608a.........0.0005 (1). 

Hither of the lower rods begins to turn round its extremity A as a fixed point. 
If w’ be its angular velocity just after impact, the moment of the momentum about 
A just after impact is m(k?+ a?) w and just before is mVasina. The difference 
of these two is the moment about A of the effective forces on the rod. We may 
now take moments about 4 for the two rods AB, BC together and we have 


m (k? +a?) w —mVasina—mk?w+m(v—V)asina+mu.3acosa=R.4acosa...(2). 
The geometrical equations may be found thus. Since the two rods must make 
equal angles with the vertical during the whole motion we have w’=w......... (3). 
Again, since the two rods are connected at B, the velocities of their extremities 
must be the same in direction and magnitude. Resolving these horizontally and 
vertically, we have DEEN EY GO SCI OTTO OOS ht 7 ne henc obonnp BGO eOUOEONE HITE (4), 


E OKO EN VEEN) coc engepnennanneononeadoseden oe (5). 
These five equations are sufficient to determine the initial motion. 


Eliminating R between (1) and (2), and substituting for w, v, w’ in terms of w 


é : 3 V sina 
from the geometrical equations, we find W=5+7 (pean (6). 


In this problem we might have avoided the introduction of the unknown 
reaction R by the use of virtual work. Let us give the system such a displacement 
that the inclination of each rod to the vertical is increased by the same quantity da. 
The virtual work of any couple, such as mk?w, is found by multiplying its moment 
by the angular displacement, viz. da. The work of any force, such as mu, is found 
by multiplying its magnitude by the linear displacement of the point of application. 
The principle of virtual work then gives 


mk2woa —m (v — V) 5 (3a cos a) + mud (a sin a) +m (k? +a?) w'da+mV65 (a cos a) =0, 


BaeDy 10 
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which reduces to (2k? +a?) w- Vasina+3 (v-V)asina+uacosa=0, 
and the solution may be continued as before. 

Ex. 1. Show that the direction of the impulsive action at the hinge B makes 
with the horizon an angle whose tangent is (3 sin? a — 2) cot a. 

Ex. 2. If the coefficient of restitution of the plane be e, show that the value of w 
given by (6) must be multiplied by 1+e; see Art. 404. 

To find the subsequent motion. This may be found very easily by the method 
of Vis Viva. But in order to illustrate as many modes of solution as possible, 
we shall proceed in a different manner. The effective forces on either of the 
upper rods are represented by the differential coefficients mv, mu, mk*#, and 
the moment for either of the lower rods is m(k*+a?) @’. Let @ be the angle any 
rod makes with the vertical at the time ¢. Taking moments in the same way as 
before, mke +-mova sin 6 — mia cos 0= — R. 2a cos O+mga sin 4 ......... (1), 

m (hk? +a?) &! — mk®@ + mba sin 6+ mi . 3a cos0=R. 4a cos 0+ 2mga sin 6...(2)’. 

The geometrical equations are the same as those given above, with 6 written 
for a. Eliminating R and substituting for u, v, we get 
dw 
at 
then multiplying both sides by w=6 and integrating, we get 

{2 (k?2 + a?) + 8a? sin? 6} w?=C — 8ga cos 0. 


(2k? + a?) +0249 sin 6 & (w sin 0) + cos bar (w cos ay} =4gasin 0; 


Initially, when 6=a, w has the value given by equation (6). Hence we find 
that the angular velocity w when the inclination of any rod to the vertical is 6 


ahs 5 ne 
is given by (1+3 sin? 4) pee ee oe 39 | 


iA Us ela a cos 6). 


176a. Asa further example of the use of virtual velocities in cases of impact, 
let us suppose that the rhombus of rods described above is placed at rest on a smooth 
table and is struck by a given blow at a given point of one of the rods in a direction 
perpendicular to that rod. It is required to find the initial motion of each rod. 


Let E, F, G, H be the centres of gravity of the rods AB, BC, CD, DA taken in 
order, 2a the acute angle at the corners B or D, Let w be the initial angular velocity 
of AB or CD, w' that of BC or AD; let V be the initial velocity of the centre of 
gravity O of the system. Let a blow R be applied at a point K of the rod CD ina 
direction perpendicular to that rod, where CK=a+a. 


We reduce the initial motion of O to rest by applying to every particle of the 
system a reversed velocity V. Since 4mV=R this is equivalent to applying to Oa 
blow R opposite to that at K. 

The effective force at the centre of gravity of each of the rods 4B, CD is maw’ 
acting in a direction perpendicular to the straight line joining that point to O, and 
the effective couple is mk?w. Those for the rods BC, DA are maw and mk2w’. We 
now use the principle of virtual velocities and displace the system through an 
angle 60; keeping F and H fixed. Then 

(2maw’) (ad0) + (2mk*w’) 60 = RK (a cos 2058). 
Next displace the system, keeping E and G fixed, we find 
(2maw) (250) + (2mk?w) 60=R (x56). 
These equations give 
2m (a*+k?) w’= Ra cos 2a, 2m (a? +k?) w= Re. 
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Two separate displacements are necessary for the solution of the problem, because 
we have to find the two unknown quantities w and w’. 


177. Ex.1. Asquare is moving freely about a diagonal with angular velocity w, 
when one of the angular points not in that diagonal becomes fixed; determine the 
impulsive pressure on the fixed point, and show that the instantaneous angular 
velocity will be w/7. [Christ’s Coll. 


Ex. 2. Three equal rods placed in a straight line are jointed by hinges to one 
another; they move with a velocity v perpendicular to their lengths; if the middle 
point of the middle one become suddenly fixed, show that the extremities of the 
other two will meet in a time 47a/9v, a being the length of each rod. [Coll. Exam. 


Ex. 3. The points ABCD are the angular points of a square; AB, CD are two 
equal similar rods connected by the string BC. The point A receiving an impulse 
in the direction AD, show that the initial velocity of A is seven times that of the 
point D. [Queens’ Coll. 


Ex. 4, A series of equal beams AB, BC, CD,...... is connected by hinges; the 
beams are placed on a smooth horizontal plane, each at right angles to the two 
adjacent, so as to form a figure resembling a set of steps, and an impulse is given 
at the end A along AB: find the impulsive action at any hinge. [Math. T. 

Result. If X, be the impulsive action at the n‘* angular point, show that 
Koni ~ 5Xont9—- 2Xon4g=0 and that Xoni.—-5Xon4,—-2X.,=0. Thence find X,. 


Ex. 5. Two uniform rods AB, BC of equal length and mass, smoothly hinged 
at B, lie upon a smooth horizontal table; the end A is struck so as to begin to 
move with a given velocity in a direction which makes angles 6, ¢ respectively 
with the rods, show that, if sin(2p-—6)=3sin 6, AB will begin to move without 
rotation. [Coll. Exam. 1880. 

Take moments for the rod BC about B and for both rods about A according to 
the rule in Art. 169. 


Ex. 6. Three equal and similar rods moveable about one common extremity 
are held at right angles to each other so that the three other extremities are in a 
horizontal plane with the common extremity either above or below. Show that if 
they are dropped on a smooth inelastic horizontal plane, the velocity of their centre 
of gravity is diminished by one-half. 


Ex. 7. A uniform circular disc of mass m touches internally a uniform circular 
ring of mass M. An impulse is applied to the ring, directed towards its centre, at 
a point the angular distance of which from the point of contact is a(<7/2). Show 
that if the bodies are inelastic and rough, the disc will at first roll or slide according 
as the coefficient of friction is greater or less than tan a (M+m)/(3M+2m). 

[Math. Tripos, 1904. 


Ex. 8. Three uniform rods AB, BD, DC of equal mass freely jointed at B and 
D are at rest forming the opposite sides and a diagonal of a square ABCD. A blow 
J is applied at A in the direction DA. Prove that the kinetic energy imparted is 
ae8 a where m is the mass of a rod. [Math. Tripos, 1902. 
114 m 

178. The blow before and behind. 4 free inelastic lamina of any form is 
turning in its own plane about an instantaneous centre of rotation S, and impinges on 
an obstacle at P situated in the straight line joining the centre of gravity G to S. To 
find the point P when the magnitude of the blow is a maximum. Poinsot, Sur la 
percussion des corps, Liowville’s Journal, 1857; translated in the Annals of 
Philosophy, 1858. 


10—2 
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Firstly, let the obstacle P be a fixed point. Let GP=z, and let R be the force of 
the blow. Let SG=h, and let w, w’ be the angular velocities about the centre of 
gravity before and after the impact. Then hw is the linear velocity of @ just before 
the impact; let v’ be its linear velocity just after the impact. We have 


—- Rx 
! — w= —_ 5 en SA oe SOAR eee 1 
w'-w=Tae> v hw = yp ce (1), 
and supposing the point of impact to be reduced to rest, v’+aw’=0........06. (2). 


From these equations we find R in terms of and make Ra maximum. We 
thus find two values of x, one positive and the other negative. Both these corre- 
spond to points of maximum percussion, but in opposite directions. There is a 
point P with which the body strikes in front and a point P’ with which it strikes in 
rear of its own translation in space more forcibly than with any other point. 

The two points P, P’ are equally distant from S, and if O be the centre of 
oscillation with regard to S as a centre of suspension, SP?>=SG@.SO. If P be made 
a point of suspension, P’ is the corresponding centre of oscillation, and PP’ is 
harmonically divided in G and O. Also the magnitudes of the blows are inversely 
proportional to the distances from G. 

Secondly, let the obstacle be a free particle of mass m. Then, besides the 
equations (1), we have the equation of motion of the particle m. Let V’ be its 
velocity after impact, then mV’=R. The point of contact in the two bodies will 
have after impact the same velocity, hence instead of equation (2) we have 
V’=v'+aw'. We then find w as before by making R a maximum. There are 
two values of 2. 

There are other singular points in a moving body whose positions may be 
found; thus we may inquire at what points a body must impinge against a jixed 
obstacle, firstly, that the linear velocity cf the centre of gravity may be a maximum, 
and secondly, that the angular velocity may be a maximum. These points, 
respectively, have been called by Poinsot the centres of maximum reflexion and 
conversion. These points are however not of sufficient importance to require a 
detailed discussion. 

Ex. A free lamina of any form is turning in its own plane about an instanta- 
neous centre of rotation S, and impinges on a fixed obstacle P situated in the 
straight line joining the centre of gravity G to S. Find the position of P, firstly, 
that the centre of gravity may be reduced to rest, secondly, that its velocity after 
impact may be the same as before but reversed in direction. 


Result. In the first ease, P coincides either with G, or with the centre of 
oscillation, In the second case if SG=h, s=G@P the points are found from the 
equation 2hx?=k? (x —h). [Poinsot. 


179. Elastic smooth bodies. Two bodies impinge on each 
other, to explain the nature of the action which takes place. 


When two spheres of any hard material impinge on each 
other, they appear to separate almost immediately, and a finite 
change of velocity is generated in each by the mutual action. 
This sudden change of velocity is the characteristic of an im- 
pulsive force. Let the centres of gravity of the spheres be 
moving before impact in the same straight line with velocities 
u and v. Then after impact they will continue to move in the 
same straight line; let w’, v’ be their velocities. Let m, m’ be 
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the masses of the spheres, R the action between them, then we 
have by Art. 168, 
, i, 
TIA oa Reueerae cee (1). 
These equations are not sufficient to determine the three 
quantities wu’, v, R. To obtain a third equation we must consider 
what takes place during the impact. 


Each of the balls is slightly compressed by the other, so that 
they are no longer perfect spheres. Each also in general tends 
to return to its original shape, so that there is a rebound. The 
period of impact may therefore be divided into two parts. Firstly, 
the period of compression, during which the distance between the 
centres of gravity of the two bodies is diminishing, and secondly 
the period of restitution, in which the distance between the centres 
of gravity is increasing. ‘The second period terminates when the 
bodies separate. 


The arrangement of the particles of a body being disturbed by 
impact, we ought in strictness to determine the relative motions 
of the several parts of the body. Thus we might regard each body 
as a collection of free particles connected by mutual actions. These 
particles being set in motion might continue always in motion 
oscillating about some mean positions in the body. 


It is however usual to assume that the changes of shape and 
structure are so small that the effect in altering the position of the 
centre of gravity and the moments of inertia of the body may be 
neglected; also that the whole time of impact is so short that the 
displacement of the body in that time may be neglected. If for any 
bodies these assumptions are not true, the effects of their impact 
must be deduced from the equations of the second order. We 
may therefore assume that at the moment of greatest compression 
the centres of gravity of the two ‘spheres are moving with equal 
velocities. 


The ratio of the magnitude of the action between the bodies 
during the period of restitution to that during compression is 
found to be different for bodies of different materials. It depends 
on the quickness or slowness with which the bodies tend to regain 
their original shapes. If they do this very slowly the separation 
takes place while the bodies are still regaining their proper forms, 
and in this case the action during restitution is less than that 
during compression. If the bodies return to their original forms 
so quickly that the separation only occurs when they have regained 
their natural forms the action during restitution is equal to that 
during compression. 


In some cases the force during the period of restitution may be 
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neglected. The bodies are then said to be inelastic. In this case 
we have just after the impact u’=v'. This gives 
mm , mutms 
R= nian —v), whence wu’ = eae 
If the force of restitution cannot be neglected, let R be the 
whole action between the balls, R, the action up to the moment 
of greatest compression. The magnitude of R must be found by 
experiment. This may be done by determining the values of w’ and 
vy’, and thus determining R by means of equations (1). Such 
experiments were made in the first instance by Newton, and led to 
the result that R/R, is a constant ratio depending on the materials 
of the balls. Let this constant ratio be called 1+e. The quantity 
e is never greater than unity; in the limiting case when e=1 the 
bodies are said to be perfectly elastic. The constant e is called 
sometimes the coefficient of elasticity and sometimes the coefficient 
of restitution. 


The value of e being supposed known the velocities after 
impact may be easily found. The action R, must be first calcu- 
lated as if the bodies were inelastic, when the whole value of R 
may be found by multiplying by 1+e. This gives 

mem 


a ae (w—v) +e), 


whence w’ and v’ may be found by equations (1). 


180. As an example, let us consider how the motion of the reel discussed in 
Art. 170 would be affected if the string were so slightly elastic that we could apply 
this theory. 

Since the point of the reel in contact with the string has no velocity at the 
moment of greatest compression, the impulsive tension found in the article referred 
to, measures the whole momentum communicated to the reel from the beginning of 
the impact up to the moment of greatest compression. By what has been said in 
the last article, the whole momentum communicated from the beginning to the 
termination of the period of restitution will be found by multiplying the tension 
found in Art. 170 by 1+e, if e be the measure of the elasticity of the string. This 
gives T=4mv(1+e). The motion of a reel acted on by this known impulsive force 
is easily found. Resolving vertically we find m(v’—v)=-—4mv(l+e). Taking 
moments about the centre of gravity, mk*?w’=3mva(1+e), whence v’ and w’ may 
be found. 

Ex. A uniform beam is balanced about a horizontal axis through its centre 
of gravity, and a perfectly elastic ball is let fall from a height hk on one extremity ; 
determine the motions of the beam and the ball. 

Result. Let M, m be the masses of the beam and the ball, 2a the length of the 
beam, V, V’ the velocities of the ball at the moments just before and after impact, 

6m '_y 3m—- MW 
(M+3m)a? "~~ *38m4+-M" 


_ 181. Rough bodies. Hitherto we have only considered the 
impulsive action normal to the common surface of the two bodies. 


w’ the angular velocity of the beam. Then o’= 
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If the bodies are rough an impulsive friction will clearly be called 
into play. Since an impulse is only the integral of a very great 
force acting for a very short time, we might suppose that impulsive 
friction obeys the laws of ordinary friction. But these laws are 
founded on experiment, and we cannot be sure that they are 
correct in the extreme case in which the forces are very great. 
This point M. Morin undertook to determine by experiment at 
the express request of Poisson. He found that the frictional 
impulse between two bodies which strike and slide bore to the 
normal impulse the same ratio as in ordinary friction, and that 
this ratio was independent of the relative velocity of the striking 
bodies. M. Morin’s experiment is described in his Notions Fonda- 
mentales de Mécanique, 1855, and a short account is given in the 
following article. 


182. A box AB which can be loaded with shot so as to be of 
any proposed weight has two vertical beams AC, BD erected on 
its lid; CD is joined by a cross-piece and supports a weight 
equal to mg attached to it by a string. The weight of the loaded 
box is Mg. <A string AHF passes horizontally from the box over 
a smooth pulley # and supports a weight at F equal to (M+ m) gp. 
The box can slide on a horizontal plane and therefore (the coefficient 
of friction being yw) having been once set in motion, it moves 
in a straight line with a uniform velocity which we will call V. 
Suddenly the string supporting mg is cut, and this weight falls 
into the box and immediately becomes fixed to the box. There 
clearly is an impulsive friction called into play between the box 
and the horizontal plane. If the velocity of the box immediately 
after the impulse be again equal to V, the coefficient of impulsive 
friction is equal to that of finite friction. 

The argument may be made evident as follows, Let ¢ be the 
time of the fall. When the weight strikes the box, it has a hori- 
zontal velocity equal to V and a vertical velocity equal to gt. The 
box itself has a horizontal velocity V+ ft, where 

fey 
M+(M+m) pe 

Let F and R be the horizontal and vertical components of the 
impulse between the box and the horizontal plane. There will 
be an impulse between the falling weight and the box and an 
impulsive tension in the string AHF; by means of these the 
momenta generated by the external blows F and & are spread 
over the whole system. Let V’ be the common velocity of the 
whole system just after the impulses # and & are completed, 
This velocity V’ is found by experiment to be equal to V. 
Resolving horizontally and vertically as in Art. 168, we have 


{M+ m+ (M +m) p} V’— {M+ M+m) pj} (Vt+ftl)—mVa—F, 
mgt = R, 
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Putting V’= V and substituting for f, we find that F = wR. 
We may notice (though it is not necessary to the argument) that the resultant 
impulse between the box and the falling weight is vertical because the horizontal 
component of the velocity of the weight is V both before and after the impulse. 


183. Let us generalize the theory of impact explained in Art. 
179. Let two bodies of any form impinge on each other at some 
point A, and let the changes of shape and structure be neglected 
as before. The relative tangential and normal velocities of the 
points of contact of the two bodies when calculated by the rule in 
Art. 137 are not zero. These are called the relative velocities of 
shding and compression. Thus two reactions will be called into 
play, a normal force and a friction, the ratio of these two being yp, 
the coefficient of friction. As the impact proceeds the relative 
normal velocity gets destroyed, and is zero at the moment of 
greatest compression. Let R be the whole momentum transferred 
normally from one body to the other in this very short time. This 
force R is an unknown reaction, to determine which we have the 
geometrical condition that just after impact the normal velocities 
of the points in contact are equal. This condition must be ex- 
pressed in the manner explained in Art. 187, 


The relative sliding velocity at A is also diminished. If it 
vanishes before the moment of greatest compression, then during 
the rest of the impact there is called into play only so much friction 
and in such a direction, as is necessary (if any be necessary) to 
prevent the points in contact at A from sliding, provided that 
this amount is less than the limiting friction. Let # be the 
whole momentum transferred tangentially from the one body to 
the other. This reaction Fis to be determined by the condition 
that just after impact the tangential velocities of the points 
in contact are equal. If, however, the sliding motion does not 
vanish before the moment of greatest compression, the whole 
of the friction is called into play in the direction opposite to that 
of relative sliding, and we have F = wR. Generally we may dis- 
tinguish these two cases in the following manner. In the first 
case it is necessary that the values of F and & found by solving 
the equations of motion should be such that #<pR. In the 
second case, the final relative velocity of the points in contact at 
A must be in the same direction after impact as before. These 
are however not sufficient conditions, for it is possible that, in the 
more complicated cases, the sliding may change, or tend to change, 
its direction during the impact. See Art. 187, 


184. If the impinging bodies be elastic, there may be both 
a normal reaction and a friction during the period of restitution. 
Sometimes we shall have to consider this stage of the motion asa 
separate problem. The motions of the bodies at the moment of 
greatest compression having been determined, these are to be 
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regarded as the initial conditions of a new state of motion under 
different impulses. The friction called into play during restitu- 
tion must follow the same laws as that during compression. Just 
as before, two cases will present themselves; there will be sliding 
either during the whole period of restitution or during only a 
portion of it. These cases are to be treated in the manner already 
explained. 


185. There is one very important difference between the con- 
ditions of compression and restitution. During the compression 
the normal reaction is unknown. The motion of the body just 
before compression is given, and we have a geometrical equation 
expressing the fact that the relative normal velocity of the points 
in contact is zero at the termination of the period of compression. 
From this geometrical equation we deduce the force of compres- 
sion. ‘The motion of the body just before restitution is thus 
found, but the motion just after is what we have to deter- 
mine. For this we have no geometrical equation, but the normal 
force of restitution bears a given ratio to the normal force of 
compression, and is therefore known. 


186. Historical Summary. The problem of the impact of two smooth inelastic 
bodies is considered by Poisson in his Traité de Mécanique, Seconde Edition, 1833. 
The motion of each body just before impact being supposed given, he forms six 
equations of motion for each body to determine the motion just after impact. 
These contain thirteen unknown quantities, viz. the resolved velocities of the 
centres of gravity of the bodies along three rectangular axes, the resolved angular 
velocities of the bodies about the same axes, and, lastly, the mutual reaction of the 
two bodies. Thus the equations are insufficient to determine the motion. A 
thirteenth equation is then obtained from the principle that the impact terminates 
at the moment of greatest compression, i.e. at the moment when the normal 
velocities of the points of contact of the two bodies which impinge are equal. 


When the bodies are elastic, Poisson divides the impact into two periods. The 
first begins at the first contact of the bodies and terminates at the moment of 
greatest compression. The second begins at the moment of greatest compression 
and terminates when the bodies separate. The motion at the end of the first period 
is found exactly as if the bodies were inelastic. The motion at the end of the 
second period is found from the principle that the whole momentum communicated 
by one body to the other during the second period bears a constant ratio to that 
communicated during the first period of the impact. This ratio depends on the 
elasticity of the two bodies and can be found only by experiments made on some 
bodies of the same materials in simple cases of impact. 

When the bodies are rough, and slide on each other during the impact, Poisson 
remarks that there will also be a frictional impulse. This is to be found from the 
principle (Art. 181) that the magnitude of the friction at each instant must bear a 
constant ratio to the normal pressure and the direction must be opposite to that of 
the relative motion of the points in contact. He applies this to the case of a sphere, 
either inelastic or perfectly elastic, impinging on a rough plane, the sphere turn- 
ing before the impact about a horizontal axis perpendicular to the direction of 
motion of the centre of gravity. He points out that there are several cases to be 
considered ; (1) when the sliding is the same in direction during the whole of the 
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impact and does not vanish, (2) when the sliding vanishes during the impact and 
remains zero, (3) when the sliding vanishes and changes sign. This third case, 
however, contains an unknown quantity and his formule therefore fail to determine 
the motion. Poisson points out that the problem becomes very complicated if the 
sphere have an initial rotation about an axis not perpendicular to the vertical plane 
in which the centre of gravity moves. This case he does not attempt to solve, but 
passes on to discuss at greater length the impact of smooth bodies. 

M. Coriolis in his Jeu de Billard (1835) considers the impact of two rough spheres 
sliding on each other during the whole of the impact. He shows that if two rough 
spheres impinge on each other the direction of sliding is the same throughout the 
impact, 

M. Ed. Phillips in the fourteenth volume of Liowville’s Journal, 1849, considers 
the problem of the impact of two rough inelastic bodies of any form when the 
direction of the friction is not necessarily the same throughout the impact, assuming 
that the sliding does not vanish during the impact. He divides the period of impact 
into elementary portions and applies Poisson’s rule for the magnitude and direction 
of the friction to each elementary period. He points out how the solution of the 
equations may be effected, and in particular discusses the case in which the two 
bodies have their principal axes at the point of contact parallel each to each and 
also each body has its centre of gravity on the common normal at the point of 
contact. He deduces for this case two results, which will be given in the chapter 
on Momentum. 

M. Phillips does not examine in detail the impact of elastic bodies, though he 
remarks that the period of impact must be divided into two portions which must be 
considered separately. These however, he considers, do not present any further 
peculiarities when the same suppositions are made. 

The case in which the sliding vanishes and the friction becomes discontinuous, 
does not appear to have been examined by him. 

In this chapter we shall discuss the theory of impulses only so far as motion in 
one plane is concerned. In the chapter on Momentum the theory will be taken up 
again and extended to bodies of any form in space of three dimensions. 


187. General Problem of impact. Two bodies of any 
form impinge on each other in a 
given manner. It 1s required to 
jind the motion just after impact. 
The bodies are smooth or rough, 
melastic or elastic. 


Let G, G@ be the centres of 
gravity of the two bodies, A the 
point of contact. Let U, V be 
the resolved velocities of G just 
before impact, parallel respective- 
ly to the tangent and normal at 
A; u, v the resolved velocities 
at any time t after the commence- 
ment of the impact, but before 
its termination, so that ¢ is in- 
definitely small. Let © be the 
angular velocity of the body, 
whose centre of gravity is G, 
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just before impact, w the angular velocity after the interval ¢. 
These are to be taken as positive when the rotation is like the 
hands of a watch. Let M be the mass of the body, & its radius of 
gyration about G. Let GW be a perpendicular from G on the 
tangent at A, and let AN=a2, NG=y. Let accented letters 
denote corresponding quantities for the other body. 


188. Let the bodies be inelastic and so rough that at the 
termination of the impact the relative velocity of sliding and the 
relative velocity of compression are both zero (see Art. 156). In 
this case, taking ¢ to be equal to the whole duration of the impact, 
the letters u, v, », w, v', w will refer to the motion just after 
impact. We then have, by Art. 137, 

U-—Yyo—wu —y'o =0 
fa fee ey 
Resolving parallel to the tangent and normal at the point of con- 
tact we have, by Art. 169, 
M(u—U)+M’'(w — U’)=0) 
Miw-—V)+M'(v' —V’)=0)3’ 
and by taking moments for each body about the point of contact 
Mh? (o@ —-Q)+ M(u—U)y—-M(w-—V)a« =0 
M'k? (@ — QO’) — M’ (uv — U')y’ — MW (v' - ryan of 
These six equations are sufficient to determine the motion just 
after impact. 


189. If the bodies are perfectly smooth and inelastic, the first 
of these six equations does not hold, and instead of the third we 
have the two equations 

u— U=0, u — U’=0, 
obtained by resolving parallel to the tangent for each body 
separately. 


190. If the bodies are smooth and elastic we must introduce 
the normal reaction into the equations. We write down the equa- 
tions (1) and (2) as given below in Art. 191, except that #’= 0. 
Then equation (4) gives the velocity C of compression at any 
instant of the impact. Putting C=0, we have, by equation (6), 
the value of R up to the moment of greatest compression, viz. 
R=C,/a'. Multiplying this by 1+ e we have, by Art. 179, the com- 
plete value of R for the whole impact. Substituting this value of 
R in equations (1) and (2), we find the values of u, v, , w’, v’, a’. 


191. Next, let the bodies be imperfectly rough and elastic. In 
this case, as explained in Art. 158, the friction which can be 
called into play is limited in amount. The results obtained in 
Art. 188 will not apply to the case in which this limited amount of 
friction is insufficient to reduce the relative sliding to zero. To 


156 MOTION IN TWO DIMENSIONS [CHAP. IV 


determine this, we must introduce the frictional and normal im- 
pulses into the equations. 


Let R be the whole momentum communicated to the body M 
in the time ¢ of the impact by the normal pressure, and let #’ be 
the momentum communicated by the frictional pressure. We 
shall suppose these to act on the body whose mass is M in the 
directions VG, NA respectively. Then they must be supposed to 
act in the opposite directions on the body whose mass is IM’. 


Since R represents the whole momentum communicated to 
the body M in the direction of the normal, the momentum com- 
municated in the time dé is dR. As the bodies can only push 
against each other, dR must be positive, and, by Art. 136, when 
dR vanishes, the bodies separate. Thus the magnitude of R may 
be taken to measure the progress of the impact. It is zero at the 
beginning, gradually increases throughout, and is a maximum at 
the termination of the impact. It will be found more convenient 
to choose R rather than the time ¢ as the independent variable. 


The dynamical equations are by Art. 169 


M(u-—U)=-f 
Miv-V)=R Caen rt ctr oo Ci: 
Mk? (o —Q) = Fy + Ra 
M’ (wv —U)=F 
M’(v’'-— V")=—R Ree Tree Bar (2). 
Mk? (o' — O/) = Fy'— Ra’ 
The relative velocity of sliding is by Art. 137 
SU — YO — WH YO vrecccscnsdscesncnces (3) 
and the relative velocity of compression is by the same article 
Ca — OH. secnsc dean ssceeeres (4). 
Substituting in these equations from the dynamical equations 
we find S=5) Oi UR are eee (5), 
Ca Qh 0M OR aieueew ee eee (6), 
where No = U — yO — UW = YO) ccsscewnscae seus (7), 
Cy Vi tl Vi sees ass (8), 
2 12 
a= a a - in + Wee re etna (9), 
5 1 2 2 
a -ytitietype Ley eee (10), 
b= Ta - “aria dike ts iat ae (11) 
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These may be called the constants of the impact. The first 
two, So, C,, represent the initial velocities of sliding and com- 
pression. These we shall consider to be positive; so that the 
body M is sliding over the body M’ at the beginning of the com- 
pression. The other three constants a, a’, b are independent of 
the initial motion of the striking bodies. The constants a and a’ 
are essentially positive, while b may have either sign. It will be 
found useful to notice that aa’ > b%. 


192. Loss of Energy. By treating the equations (1) and (2) in exactly the 
same manner as those in Art. 172, we find that the gain of kinetic energy due 


to the impact is — FSo- RCo +4 (aF2+ 20FR + a/R)... ce ceeceeceeees (1), 
where So, Co, a, b, a’ stand for the quantities given in equations (7) to (11). By 
multiplying (5) and (6) by F and R respectively we obtain 
aF?+2bFR+a/R2=F (So—S)+R (Co-C). 

The loss of kinetic energy is therefore 

RE (SoaA-S) grt (Cot C )ixticcwesearnceteecnnerenavenens (2). 
Here F, R are the whole tangential and normal forces called into play, as explained 
in the following articles. Also So, Co are the tangential and normal relative 
velocities of the points of contact just before impact and S, C the corresponding 


velocities just after impact. This result includes in a convenient form all those 
discussed in Art. 173. 


The expression (1) gives the loss of energy in terms of the relative velocities 
before impact and of the forces. We may eliminate the forces and express the loss 
of energy solely in terms of the relative velocities before and after impact. The 
(ao? = 2bS9Co+ a’ So?) = (ac2 —2b8SC+ a’S?) 

aa’ — b2 


Iti 1 
result is 5 


193. The Representative Point. It often happens that 
b=0, and in this case the discussion of the equations is very 
much simplified. But certainly in the general case, and even in 
the simple case when 6=0, it is found more easy to follow the 
changes in the forces if we adopt a graphical method. 


The point which we have to consider is this. As R proceeds from 
zero to its final maximum value by equal continued increments dh, 
F proceeds also from zero by continued increments d#’, which may 
not always be of the same sign and which are governed by a dis- 
continuous law, viz. either dF'=+ wd, or dF is just sufficient to 
prevent relative motion at the point of contact, as explained in 
Art. 158. We want therefore some rule to discover the value of F’. 


To determine the actual changes which occur in the frictional 
impulse as the impact proceeds, let us draw two lengths Ak, AP 
along the normal and tangent at A in the directions VG, AW re- 
spectively, to represent the magnitudes of A and #’ at any moment 
of the impact. Then, if we consider AR& and AF to be the co- 
ordinates of a point P referred to AR, AF’ as axes of R and F, the 
changes in the position of P will indicate to the eye the changes 
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that take place in the forces during the progress of the impact. 
At the beginning of the impact the forces R and F’ are zero, 
the representative point P is therefore situated at the origin A. 
As the impact proceeds the force R continually increases, hence 
the abscissa 4R of P will also continually increase, i.e. the motion 
of the representative point resolved parallel to the axis of R 
will be always in the positive direction of the axis of Rk. The 
ordinate F of P is measured in the direction opposite to that 
in which the friction acts on the body M; it follows that the 
motion of the representative point resolved parallel to the axis 
of F will indicate to the eye the direction in which the body M 
is sliding. This may sometimes be in one direction during the 
impact and sometimes in the other. 

It will be convenient to trace the two loci determined by S=0, 
C=0. By reference to (5) and (6) we see that they are both 
straight lines. These we shall call the straight lines of no sliding 
and of greatest compression. ‘To trace them, we must find their 
intercepts on the axes of F and Rk. Take 


AC =", Asa eee By 


a be ee On 

then SS’, CC’ will be these straight lines. Since @ and a are 
necessarily positive, while 6 has any sign, we see that the inter- 
cepts on the axes of # and & respectively are positive, while their 
intercepts on the axes of & and # must have the same sign. 
Since aa’ > b?, the acute angle made by the line of no sliding with 
the axis of # is greater than that made by the line of greatest 
compression, Le. the former line is steeper to the axis of F/ than 
the latter. It easily follows that the two straight lines cannot 
intersect in the quadrant contained by RA produced and FA 
produced. 


194. In the beginning of the impact the bodies slide over 
each other, hence, as explained in Art. 158, the whole limiting 
friction is called into play. The point P therefore moves along 
a straight line AJL, defined by the equation /=yuR, where p is 
the coefficient of friction. The friction continues to be limiting 
until P reaches the straight line SS’. If R, be the abscissa of 

0 
ap + b° 
blow, from the beginning of the impact, until friction can change 
from sliding to rolling. If R, is negative, the straight lines AL 
and SS’ do not intersect on the positive side of the axis of F. 
In this case the friction is limiting throughout the impact. 
If &, is positive the representative point P reaches SS’. After 
this only so much friction is called into play as suffices to 
prevent sliding, provided that this amount is less than the limiting 
friction. If the acute angle which SS’ makes with the axis of R 


this point we find Ry= This gives the whole normal 
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is less than tan~ y, the friction dF necessary to prevent sliding is 
less than the limiting friction ~dR. Hence P must travel along 


SS’ in such a direction that the abscissa R continues to increase 
positively. In this case the friction does not again become limiting 
during the impact. 


But if the acute angle which SS’ makes with the axis of R 
is greater than tan“y, the ratio of d#/ to dR is numerically 
greater than mw, and more friction is necessary to prevent sliding 
than can be called into play. The friction therefore continues 
to be limiting, and P, after reaching SS’, must travel along a 
straight line, making the same angle with the axis of R that AL 
does. This straight line must lie on the opposite side of SS’ 
because the acute angle which SS’ makes with ARF is greater than 
the angle LAR. Also since the point P has crossed SS’ the 
direction of relative sliding and therefore the direction of friction 
is changed. In this case it is clear that the friction continues 
limiting throughout the impact. 


An example of each of these three cases is given in the triple 
diagram. The figures differ in the position of the line of no 
sliding. In all the three figures the representative point travels 
from A along a straight line AZ such that the angle LAR is 
equal to tan“. In fig. (1) the line of no sliding, viz. SS’, makes 
so large an angle with AR that AL does not intersect it in the 
positive quadrant. The friction therefore retains its limiting 
value throughout the impact. In the other two figures AZ and 
SS’ intersect in some point Q. In fig. (2) the angle SS’A is less 
than the angle ZAR, the representative point therefore after 
reaching Q travels along QS’. In fig. (3) the angle SS’A is greater 
than the angle ZAR, the representative point therefore after 
reaching Q travels along a straight line QB on the other side 
of SS’ such that the angle QBA is equal to the angle QAR. 


When P passes the straight line CC’, compression ceases and 
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restitution begins. But the passage is marked by no peculiarity 
except this. If R, be the abscissa of the point at which P crosses 


R 
B 
L 
S’ 
Q 
A ip Ss 
Fig. 2. Fig, 3. 


CC’, the whole impact, for experimental reasons, is supposed to 
terminate when the abscissa of P is R,= R,(1+e), e being the 
measure of the elasticity of the two bodies. 


It is obvious that a great variety of cases may occur according 
to the relative positions of the three straight lines AL, SS’ and 
CC’. But in all cases the progress of the impact may be traced 
by the method just explained, which may be briefly summed up 
in the following rule. The representatwe point P travels along AL 
until it meets SS’. It then proceeds either along SS’, or along a 
straight line making the same angle with the axis of R as AL does, 
but lying on the opposite side of SS’. The one along which it 
proceeds is the steeper to the aais of F. It travels along this line in 
such a direction as to make the abscissa R increase, and continues 
to be in this straight line to the end, of the impact. The complete 
value of R for the whole impact is found by multiplying the abscissa 
of the point at which P crosses CC’ by 1+e. The complete value 
of Fis the corresponding ordinate of P. Substituting these in the 
dynamical equations (1) and (2), the motion just after impact may 
be easily found. 


If S,=0, we have S=—aF—bDR. In this case the line of no 
sliding passes through the origin A. If the acute angle which 
this straight line makes with the axis of R is less than tan yp, i.e. 
if b/a is numerically less than yw, the representative point travels 
along this straight line in such a direction that its abscissa R 
continually increases. The friction is therefore less than its 
limiting value throughout the impact. 


If the acute angle which the line of no sliding makes with the 
axis of R is greater than tan y, Le. if b/a is numerically greater 
than p, the representative point travels along a straight line AD 
making with the axis of R an acute angle LAR equal to tan pu. 
This straight line lies on the positive or negative side of AR 
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according as S is positive or negative. Since the numerical value 
of b is greater than au, and F'= + wR, the term —bR governs the 
sign of S, hence S has the opposite sign to b. It follows that the 
straight line AL lies within the acute angle which the line of 
no sliding makes with AR. Thus in fig. (1), AL is on the positive 
side, in fig. (2) on the negative side of AR. As AL cannot again 
meet the line of no sliding the friction has its limiting value 
throughout the impact. 


R 
L 
Vie : 
A 1H 
See 
Fig. 1. Fig. 2. 


The representative point continues its journey along either 
SS’ or AL,'as the case may be, to the end of the impact. The 
complete value of & for the whole impact is found by multiplying 
the abscissa of the point at which P crosses CC’ by 1+.e. The 
complete value of F#’ is the corresponding ordinate of P. Sub- 
stituting these in the dynamical equations the motion just after 
impact may be found. 


195. If the bodies are smooth, the straight line AZ coincides 
with the axis of R. The representative point P travels along 
the axis of AR, and the complete value of R for the whole impact 
is found by multiplying the abscissa of C by 1+. 

If the bodies are perfectly rough (Art. 156), the straight line 
AL coincides with the axis of # The representative pomt P 
travels along the axis of #’ until it arrives at the point S. It 
then travels along the line of no sliding SS’ until it reaches the 
line CC’ of greatest compression. If the bodies are inelastic, the 
coordinates R,, /, of this intersection are the values of Rand F 
required. But if the bodies are imperfectly elastic the representa- 
tive point continues its journey along the line of no sliding. The 
complete value of & for the whole impact is then R,= R, (1 +), 
and the complete value of #/ may be found by substituting this 
value for R in the equation of the line of no sliding. 


196. It is not necessary that the friction should keep the 
same direction during the impact. The friction must keep one 
sign when P travels along AL, But when P reaches SS’, its 
direction of motion changes, and the friction d¥’ called into play 
in the time dt may have the same sign as before or the opposite. 
But it is clear that the friction can change sign only once during 


Ried in 
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the impact. If b= 0, the straight line SS’ is perpendicular to the 
axis of F, and in this case it is clear that the friction cannot 
change sign. 

It is possible that the friction may continue limiting through- 
out the impact, so that the bodies slide on each other throughout. 
The necessary conditions are that either the straight line SS’ 
must be less steep to the axis of # than AZ, or the point P 
must not reach the straight line SS’ until its abscissa has be- 
come greater than &,. The condition for the first case is that 
b must be greater than wa. The abscisse of the intersections 


; ? So 
of AL with SS’ and Ge are respectively A, = ace and 
= bf a The necessary conditions for the second case are 


that R, must be positive, and £, either negative or positively 
greater than Rf, (1 +e). 


197. Hx, 1. Rebound ofa ball. 4 spherical ball, moving without rotation on 
@ smooth horizontal plane, impinges with velocity V against a rough vertical wall 
whose coefficient of friction is uw. The line of motion of the centre of gravity before 
incidence making an angle a with the normal to the wall, determine the motion just 
after impact. 

This is the general problem of the motion of a spherical ball projected without 
initial rotation against any rough elastic plane. Thus it applies to a billiard ball 
impinging against a cushion, or to a ‘‘fives” ball projected against a wall, or to 
a cricket ball rebounding from the ground. When the ball has any initial rotation 
the problem is, in general, a problem in three dimensions and will be discussed 
further on. 


Ri ! 
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In the figure the plane of the paper represents a horizontal plane drawn 
through the centre of the ball. The vertical plane against which the ball impinges 
intersects the plane of the paper in AS. 

Let uw, v be the velocities of the centre at any time t after the commencement 
of the impact resolved along and perpendicular to the wall. Let w be the angular 
velocity at the same instant. Let R and F be the normal and frictional blows from 
the beginning of the impact up to that instant. Let M be the mass and r the 
radius of the sphere. Then we have 

M(u-Vsina)=-F, M(v+Vcosa)=R, Mk?w=Fr. 
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+k? 


The velocity of sliding of the point of contact is S=u—rw=V sin a— mH 


The velocity of compression of the point of contact is C= —-v=V cosa— _ 


k2 
re k2 
AC to represent MV cosa, along the axes of F and R respectively. Then SB and 
CB drawn parallel to the directions of R and F will be the lines of no sliding and 


2 


Measure a length AS in the figure to represent 


MV sina, and a length 


of greatest compression. Also we see that tan BAC= tana=?tana. In the 


r+ 2 
beginning of the impact the sphere slides on the wall, hence the representative 
point P, whose coordinates are R and F, begins to describe the straight line F=pR. 


If u«>#tana, this straight line cuts the line of no sliding SB in some point L 
before it cuts the line of greatest compression. Hence the representative point 
describes the broken line ALB. At the moment of greatest compression, F and R 
are the coordinates of B. 


Therefore F=2MVsina, R=MVecosa. 


These results are independent of « because we see from the figure that more 
than enough friction could be called into play to destroy the sliding motion. 


If w<?tana, the straight line ¥=yR cuts the line of greatest compression CB 
in some point H before it cuts the line of no sliding. The friction is therefore 
insufficient to destroy the sliding. At the moment of greatest compression F and R 


are the coordinates of H, F=uMVeosa, R=MV cosa. 


If the sphere be inelastic we have only to substitute these values of F and R in the 
equations of motion to find the values of u, v, w just after impact. 


If the sphere be imperfectly elastic with a coefficient of elasticity e, the repre- 
sentative point P will continue its progress until its abscissa is given by 
R=MV cosa (1+e), 
Take AC’ to represent this value of R, and draw C’B’ parallel to CB. Then, as 


racy 2 tana 
before, we see that tan B’AC ahi 
2 tana : ; ; : ; , 
If Moa Tce the representative point describes some broken line like ALB’, 


and cuts SB’ before it cuts B’C’. In this case F and RF are the coordinates of B’, 
F=2MVsina, R=MVcosa(1+e). 
2 tana 
7 1l+e 
and cuts B’C’ before it cuts SB’. In this case Ff and R are the coordinates of K, 
F=pMV cosa (1+e), R=MV cosa (1+¢). 

Let 6 be the angle the direction of motion of the centre of the ball makes with 

the normal to the wall after impact, then tanB=u/v. We see therefore that 


5 tana _ tana—p(1+e) : , 2 tana 
tan B=, ee a : , according as yw is greater or less than ace! 


If e= , the representative point describes some unbroken line like AHK, 


Ex, 2. An imperfectly elastic cricket ball is projected so that it is rotating 
with an angular velocity Q about a horizontal axis perpendicular to the plane of 
the parabola described by its centre. Just before it strikes the ground the velocity 


Tbie2 
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of the centre is V, and the direction of motion makes an angle a with the normal. 
Show that the angle of rebound @ is given by either - 


5 2 72 
——t = ———_ = = 1 
etan B 7 anat+y Foose? or =tana-—p(1+e), 
: : 2 ra | 1 
according as p is greater or less than a ar Giclcnes 


Ex. 3. A sphere of radius a roils on the ground with velocity U and impinges 
normally against a vertical wall whose coefficients of friction and elasticity are 
and e. If w(1+e)>2 the sliding will terminate before the end of the period of 
impact, and the sphere will therefore rebound with a horizontal velocity — Ue and 
a vertical velocity 2 U [this follows by taking moments about the point of contact]. 
The centre of the sphere will then describe a parabola and the sphere will after- 
wards impinge on the ground. If the ground be inelastic and have a coefficient of 
friction u’<e+#, the sliding will not terminate before the end of the impact. At 
the end of the impact the centre of the sphere has a velocity — U (e—#?’) and the 
angular velocity is (2—5y’) U/7a. The friction continues to act as a finite force so 
that the sphere finally rolls on the ground with a uniform velocity — $U (e— +). 


Ex. 4. A thin uniform hemispherical shell of radius a with its base vertical is 
rotating with an angular velocity Q about a horizontal axis through its centre of 
gravity parallel to the base. It is placed with a point on its base in contact with a 
fixed rough horizontal plane. Prove that if the coefficient of elasticity is equal to 
e and the coefticient of friction is greater than 2, the point of contact with the plane 
begins after the impact to move vertically with a velocity =, aeQ. 


198. Ex.1. Show that the representative point P as it travels in the manner 
described in the text must cross the line of greatest compression, and that the 
abscissa R of the point at which it crosses this straight line must be positive. 


Ex. 2, Show that the conic whose equation referred to the axes of R and F is 
aF?2+2bFR + a'R?=e, where € is some constant, is an ellipse, and that the straight 
lines of no sliding and greatest compression are parallel to the conjugates of the 
axes of F and R respectively. Show also that the intersection of the straight 
lines of no sliding and greatest compression must lie in that angle formed by the 
conjugate diameters which contains or is contained by the first quadrant. 


Ex. 3. Two bodies, each turning about a fixed point, impinge on each other; 
find the motion just after impact. 


Let G, G@’, in the figure of Art. 187, be taken as the fixed points. Taking 
moments about the fixed points, the results will be nearly the same as those given 
in the case considered in the text. 


Initial Motions. 


199. Breakage of asupport. Let a system of bodies be in 
equilibrium and let one of the supports suddenly give way. It is 
required to find the initial motions of the several bodies and the 
intial values of the reactions which exist between them. 


The problem of finding the initial motion of a dynamical 
system is the same as that of expanding the coordinates of the 
moving particles in powers of the time ¢. Let (a, y, @) be the 
coordinates of any body of the system. For the sake of brevity 
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let the suffix zero denote initial values. Thus %, denotes the 
initial value of # By Taylor’s theorem we have 
Ret ent 
Pere Cae pews ayuee maces. (1): 
the term & is omitted because we suppose the system to start 
from rest. 


Firstly, let only the initial values of the reactions be required. 
The dynamical equations contain the coordinates, their second 
differential coefficients with regard to ¢, and the unknown 
reactions. There are as many geometrical equations as re- 
actions. From these we have to eliminate the second differential 
coefficients and find the reactions. The process, which is really 
the same as the first method of solution described in Art. 135, 
is as follows. 


Write down the geometrical equations, differentiate each twice 
and then simplify the results by substituting for the coordinates 
their initial values. Thus, if we use Cartesian coordinates, let 
(x, y, 9) =0 be any geometrical relation, we have since # = 0, 


jo =0, 0, =0, db. db. db; 
Yo : Te tot Fy do + Gg Oo= ©. 


The process of differentiating the equations may sometimes 
be much simplified when the origin has been so chosen that the 
initial values of some at least of the coordinates are zero, We 
may then simplify the equations by neglecting the squares and 
products of all such coordinates. For if we have a term 2”, its 
second differential coefficient is 2 (7# + #), and if the initial value 
of x is zero, this vanishes, 


The geometrical equations must be obtained by supposing the 
bodies to have their displaced positions, because we require to 
differentiate them. But this is not the case with the dynamical 
equations. These we may write down on the supposition that 
each body is in its éndtial position. These equations may be 
obtained according to the rules given in Art. 135, The forms 
there given for the effective forces admit in this problem of some 
simplifications. Thus, since 7 = 0, d= 0, the accelerations along 
and perpendicular to the radius vector take the simple forms 7, 
and rf. So again the acceleration v*/p along the normal vanishes. 
If, for example, we know the initial direction of motion of the 
centre of gravity of any one of the bodies, we may conveniently 
resolve along the normal to the path. This will supply an equation 
which contains only the impressed forces and such tensions or re- 
actions as may act on the body. If there be only one reaction, 


this equation will suffice to determine its initial value. 
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The rule may be shortly stated thus. Write down the geome- 
trical equations of the system in its general position. Differentiate 
each twice and then simplify the results by substituting for the co- 
ordinates their initial values. Write down the dynamical equations 
of the system supposed to be in its initial position. Eliminate the 
second differential coefficients and we shall have sufficient equations 
to find the initial values of the reactions. 


We may also deduce from the equations the values of %, jo, ay 
and thus by substituting in equation (1) we have found the initial 
motion up to terms depending on ?#. 


200. Secondly, let the initial motion be required. As differential 
coefficients of a high order sometimes present themselves in this 
part of the problem 7 will be more convenient to use accents 
instead of dots to represent the differential coefficients with regard 
to the time. Thus # will be written a”. 


The number of terms of the series (1) which it may be necessary 
to retain depends on the nature of the problem. Suppose the 
radius of curvature of the path described by the centre of gravity 
of one of the bodies to be required. We have 


_ (a +y) 


as ay” we yx" S 
Putting u=a’y" — yx” we have after differentiation 
uw’ = way =e ya”, 


w= ay — ya + "y" — y'2", 
w= ay’ — ya +2 (ay — ya’). 
Substituting in Taylor’s Theorem and remembering that 
ie OL 0, 
ay! — ya” =F (a9"Yo” — 9") B+ 4 (a0 Yo” — ayy”) B+ ..., 
similarly (a? + y®)2 = (al? + yl) 2B oe. 


If then the body start from rest, the radius of curvature is 
zero. But if ayo’ — x) "yo’ = 0, the direction of the acceleration 
is stationary for a moment. We then have 


3 (%q? + yo) 

p 
To find these differential coefficients we may proceed thus. 
Differentiate each dynamical equation twice and then reduce it 
to its initial form by writing for w, y, 6, &c. their initial values, 
and for a’, y’, 6 zero. Differentiate each geometrical equation 


four times and then reduce each to its initial form. We shall 
thus have sufficient equations to determine a)’, a”, aj%, &c., 


a Mv j j 4 
Lp yo" ae ax \Vy, ; 
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/ ° . 

R,, Re, Ry", &e., where R is any one of the unknown reactions. 
It is often of advantage to eliminate the unknown reactions from 
the equations before differentiation. We then have only the un- 
known coefficients 2”, 2", &. entering into the equations. 
; These operations may in general be much abbreviated by some simple con- 
siderations. Let a dynamical equation be of the form 

La" + My’ +N6"+P=0, 
where L, M, N, P are functions of 2, y, @ only. Differentiating twice and putting 
Xo =0, Yo =0, 69 =0, we have 

Lagi’ + Myo’ + NOo'% + A (Lx + Myo” +. N60’ + P) =0, 


d d 


d 
where Za pett ” ” 
A T ain’ 7 dy do° 


If we write x=a)+£ y=y)+7, &c. so that £, 7, &. are small quantities, it is easy 
to see that all the terms in L, M, &c. which contain £2, 72, &c. disappear from the 
final equation. When therefore we have to find ai¥, y)i¥, Oiv, by differentiating the 
dynamical equations, it is only necessary that the coefficients L, M, &c. should be 
correct to the first power of the small quantities. 


In the same way if $(z, y, 0)=0 be a geometrical equation, we see that its 
fourth differential coefficient reduces to 
iv dp 
Yo RPh 
It is therefore only necessary that the geometrical equations should be correct to the 
second power of the small quantities. 


0 + BA2p =0. 


In the same way if we require the initial values of the sixth differential co- 
efficients we must form the dynamical equations correct to the second order and the 
geometrical equations to the third order. 


We shall afterwards see that these initial differential coefficients may be more 
easily deduced from Lagrange’s equations. 


If we know the direction of motion of one of the centres of 
gravity under consideration, we can take the axis of y a tangent 
2 
to its path. We then have p= 5-3 where « is of the second 
order and y of the first order of small quantities. We may therefore 
neglect the squares of # and the cubes of y. This will greatly 
simplify the equations. If the body start from rest we have 
Ve? 


XH 


%, =0, and if a’ =0, we may then use the formula p =3 


T Vici 


The corresponding formula for p in polar coordinates may be obtained in the 
same way. We have when 75 (79/00 — 17909) =0 


3 (9202 + 179") 
p 
201. Ex.1. A circular disc is hung wp by three equal strings attached to three 
points at equal distances on its circumference, and fastened to a peg vertically over 
the centre of the disc. One of these strings being cut, determine the initial tensions 
of the other two. 


/ i ° Moy i 
= Br? "3 + 619/209" +170 Op — 7% Torr: 
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Let O be the peg, 4B the circle seen by an eye in its plane, Let OA be the 
string which is cut, let C be the middle 
0 point of the chord joining the points of 
a the circle to which the two other strings 
are attached. Then the two tensions, 
each equal to 7, are throughout the 
motion equivalent to a resultant tension 
Ralong CO. If 2a be the angle between 
the two strings, we have R=2T cosa. 


Let 1 be the length of OC, 8 the angle GOC, a the radius of the disc. Let (a, y) 
be the coordinates of the displaced position of the centre of gravity with reference 
to the origin 0, « being measured horizontally to the left and y vertically down- 
wards. Let @ be the angle which the displaced position of the disc makes with AB. 


a 


B 


By drawing the disc in its displaced position it will be seen that the coordinates 
of the displaced position of C are x—Isinfcos@ and y—Jsinfsin@. Hence since 
the length OC remains constant and equal to 1, we have 

x2 +y?— 21 sin B (@ cos 6 +-y sin 6) =/ cos? B, 

Since the initial tensions only are required, it is sufficient to differentiate this 
twice. Since we may neglect the squares of small quantities, we may omit «7, and 
put cos 0=1, sin@=0, The process of differentiation will not then be very long, 
for it is easy to see beforehand what terms will disappear when we equate the 
differential coefficients (4, y, 6) to zero, and put for (#, y, 6) their initial values 
(0, tcos B, 0). We get ¥y cos B=sin B (y+ cos BO), 

This equation may also be obtained by an artifice which is often useful. The 
motion of Gis made up of the motion of C and the motion of G relatively to C. 
Since C begins to describe a circle from rest, its acceleration along CO is zero, 
Again, the acceleration of G relatively to C when resolved along CO is GC6 cos B. 
The resolved acceleration of G is the sum of these two, but it is also equal to 


Wy cos 8-4) sin. Hence the equation follows at once. 


In this problem we require the dynamical equations only in their initial form, 


These are m#)=R, sin B, my, =mg — Ry cos B, mk?6, = Rol sin B cos B, 
where m is the mass of the body. Substituting in the geometrical equation we find 
k? cos B 
Fo Ine k? +1? sin? B cos? B’ 


The tension of any string, before the string OA was cut, may be found by the 
rules of statics, and is clearly T,=4mg sec y, where y is the angle 4OG. Hence the 
change of tension can be found. 


Ex. 2, A number of uniform straight rods of the same weight and length, 
freely jointed end to end, are supported in a horizontal straight line, with the 
extreme end of the last rod fixed. If the supports are all removed at once, obtain 
equations to determine the initial angular accelerations of the different rods and 
prove that if w,, W241, Wig are those of any three adjacent rods, 


On +4041 + Wp to=0, [Math. Tripos, 1903. 


Let wo, #1... @,, be the angular accelerations of the m+1 rods, w, uy 1. Up, the 
vertical accelerations of their centres, Ry, Ry...R»4, the reactions at the ends of 
the rods. Since k?=a?/3, we have 


ay Rae, # Rigen htOna = neo ka en eee (1), 


Un=Rniy-Byt+9, Unti=Rnpo— Rpy tJ, BC. “csccsssseeis (2), 


ART. 202] INITIAL MOTIONS 169 


and by geometry Up + Wy = Uns, — AW p44. 
These give Jeg ent Ci io stb ante 0) ach ea eiten clas eob OCRGSAR CORIO (3). 
It immediately follows by substitution from (1) that w,49+ 40,4) +O, =0. 


To find the initial accelerations w...w,,, we solve the equation of differences 
(3) by putting R,=Ac”. This gives c?+4c¢+1=0, hence if a, B are the roots of the 
quadratic, R,=Aa”+ Bp". To find A, B we examine the geometrical conditions 
at the ends. It is given that one end is fixed, hence up —awy=0, «. A- B=g/2,/3. 
If the other end is free, R,,4,=0, -. dv™t414+Be"+1=0, These two conditions 
determine A and B. 


The problem might also have been solved by Lagrange’s method. 


202. Ex. 1. Two strings of equal length have each an extremity tied to a 
weight C and their other extremities tied to two points 4, B in the same horizontal 
line. If one be cut, the tension of the other will be instantaneously altered in the 
ratio 1:2 cos? £0, [St Pet. Coll. 


Ex, 2. An elliptic lamina is supported with its plane vertical and transverse 
axis horizontal by two weightless pins passing through the foci. If one pin be 
released, show that, if the eccentricity of the ellipse be 4,/10, the pressure on the 
other pin is initially unaltered. (Coll. Exam. 


Ex. 3. Three equal particles 4, B, C repelling each other with any forces are 
tied together by three strings of unequal length, so as to form a triangle right- 
angled at A, If the string joining B and C be cut, prove that the instantaneous 
changes of tension of the strings joining BA, CA will be 47 cos B and 47 cos C 
respectively, where B and C are the angles opposite the strings joining CA, AB 
respectively, and Z' is the repulsive force between B and C. 


Ex. 4. Two uniform equal rods, each of mass m, are placed in the form of 
the letter X on a smooth horizontal plane, the upper and lower extremities being 
connected by equal strings; show that, whichever string be cut, the tension of the 
other is the same function of the inclination of the rods, and initially is mg sin a, 
where «a, is the initial inclination of the rods. [St Pet. Coll, 


Ex. 5. A horizontal rod of mass m and length 2a hangs by two parallel 
strings of length 2a attached to its ends: an angular velocity w being suddenly 
communicated to it about a vertical axis through its centre, show that the initial 
increase of tension of either string equals }maw*, and that the rod rises through 
a space a2w?/6g. [Coll. Exam, 


Ex. 6. A particle is suspended by three equal strings of length a from three 
points forming an equilateral triangle of side 2b in a horizontal plane. If one 
string be cut, the tension of each of the others will be instantaneously changed in 

2_ Ap? 
the ratio ae : (Coll, Exam. 

Ex. 7. A sphere resting on a rough horizontal plane is divided into an infinite 
number of solid lunes and tied together again with a string ; the axis through which 
the plane faces of the lunes pass being vertical. Show that if the string be cut the 


pressure on the plane will be instantaneously diminished in the ratio 457? : 2048. 
{Emm. Coll. 1871. 


Ex. 8. A smooth sphere rests on a horizontal plane and an equal sphere is 
supported on it, the line of centres making an angle ¢ with the vertical; prove that 
just after the supports are removed the ratio of the pressures on the plane and 
between the spheres is 2: cos ¢. [Coll. Exam. 
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Ex. 9. A small ring of mass p is strung on a rod, of mass m and length 2a, 
capable of turning about one extremity as a fixed point. The system starts from 
rest with the rod horizontal and the ring at a distance c from the fixed point. Show 
that the polar coordinates of the ring referred to the fixed point are c+roivt4/24 and 
Got2/2. Find also 69, and prove that ro¥=g0)+2cOo?. Thence find the initial radius 
of curvature of the path of the particle. [May Exam. 1888. 


Ex. 10. A solid hemisphere of mass M rests on a perfectly rough horizontal 
plane and a particle of mass m is gently placed on it at a distance c from the 
centre. Prove that the initial radius of curvature of the path described by the 
particle is 3mc3/Mk?, where k is the radius of gyration of the hemisphere about a 
tangent at the vertex. [Math. Tripos, 1888. 


Ex. 11. A garden roller is at rest on a horizontal plane, rough enough to 
prevent sliding, the handle being so held that the plane through the axis of the 
cylinder and the centre of gravity of the handle makes an angle a with the 
horizon, Show that when the handle is let go the initial radius of curvature of 
the path described by the centre of gravity is 


c (sin? a +n cos? a)2/n where (n—1) M (k?+a?)=ma?, 
c is the distance of the centre of gravity of the handle from the axis of the 


cylinder, m its mass, Mk? the moment of inertia of the cylinder about its axis, 
and a its radius. [Math. Tripos, 1894, 


Ex. 12. A uniform rod of mass m and length 2a has masses equal to m 
attached to its ends. A string, one end of which is attached to the middle point 
of the rod, passes over a smooth pulley and sustains at its other end a weight 3m. 
The system is in equilibrium, the rod being horizontal. The particle m falls off 
from one end of the rod; prove that (1) the initial acceleration of the mass 3m 
equals 79/17; (2) the initial angular acceleration of the rod is 18g/17a; (8) the 
radius of curvature of the initial path of the other end of the rod is 2a (11/18). 

(Coll. Exam. 1904. 


Ex. 13. A uniform cube of edge 2a and mass M rests symmetrically on two 
shelves, each of length 4a and mass uM, and is hinged to one shelf at the edge of 
the cube, and the shelves are attached to smooth hinges at a distance 8a apart, 
being supported in a horizontal position. If that shelf is released to which the 
cube is hinged, prove that the initial pressure on the edge of the fixed shelf is 
Mg (45+ 46x) 

45 + 1l6u 
attached is inclined to the horizon at an angle tan7! 5/3. (Coll. Exam. 1904. 


, and that the initial reaction at the hinge to which the cube is 


On Relative Motion or Moving Azes. 


203. In many dynamical problems the relative motion of 
the different bodies of the system is all that is required. In such 
cases it will be an advantage if we can determine this without 
finding the absolute motion of each body in space. Let us suppose 
that the motion relative to some one body (A) is required. There 
are then two cases to be considered, (1) when the body (A) has 
a motion of translation only, and (2) when it has a motion of 
rotation only. The case in which the body (A) has a motion both 
of translation and rotation may be regarded as a combination of 
these two cases. Let us consider them in order. 
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204. The Fundamental Theorem. Let it be required to 
find the motion of any dynamical system relative to some moving 
point C. We may clearly reduce C to rest by applying to every 
element of the system an acceleration equal and opposite to that 
of C. It is also necessary to suppose that an initial velocity equal 
and opposite to that of C has been applied to each element. 


Let f be the acceleration of C at any time ¢. If every particle 
m of a body be acted on by the same accelerating force f parallel 
to any given direction, it is clear that these are together equi- 
valent to a force fm acting at the centre of gravity. Hence to 
reduce any point C of a system to rest, it will be sufficient to 
apply to the centre of gravity of each body in a direction opposite 
to that of the acceleration of C a force measured by Mf, where 
M is the mass of the body and f the acceleration of C. 


The point C may now be taken as the origin of coordinates. 
We may also take moments about it as if it were a point fixed 
in space. 

Let us consider the equation of moments a little more minutely, 
Let (r, @) be the polar coordinates of any element of a body 
whose mass is m referred to Cas origin. The accelerations of the 

ee er a qid , a0 ee didi 
particle are 75 — 17 ie and = (r E) along and perpendicular 
to the radius vector r. Taking moments about C we get 

(moment round C of the impressed forces 

Selle = plus the moment round ( of the reversed 
al dt/ effective forces of C supposed to act at the 
centre of gravity. : 


If the point C be fixed in the body and move with it, d0/dt 
will be the same for every element of the body, and, as in Art. 88, 


ah arent hel 00 
we have Xm 5 (7° =) = Mk? —_. 


205. From the general equation of moments about a moving 
point C we learn that we may use the equation 


dw moment of forces about C 
dt moment of inertia about C 


in the following cases. 


Firstly. If the point C be fixed both in the body and in space ; 
or if the point C, being fixed in the body, move in space with 
uniform velocity; for the acceleration of C is zero. 


Secondly. If the point C be the centre of gravity; for in that 
case, though the acceleration of C is not zero, yet the moment 
vanishes. 


172 MOTION IN TWO DIMENSIONS [CHAP. IV 


Thirdly. If the point C be the instantaneous centre of rota- 
tion, and the motion be a small oscillation or an initial motion 
which starts from rest. At the time ¢ the body is turning about C, 
and the velocity of C is therefore zero. At the time ¢+ dt, the 
body is turning about some point CO’ very near to C. Let CC’=de, 
then the velocity of C is wdc. Hence in the time dé the velocity 
of C has increased from zero to wdo, therefore its acceleration is 
wdo/dt. To obtain the accurate equation of moments about C we 
must apply the effective force 2m. wda/dt in the reversed direction 
at the centre of gravity. But in small oscillations @ and do/dt 
are both small quantities whose squares and products are to be 
neglected, and in an initial motion @ is zero. Hence the moment 
of this force must be neglected, and the equation of motion will 
be the same as if C had been a fixed point. 


It is to be observed that we may take moments about any 
point very near to the instantaneous centre of rotation, but it will 
usually be more convenient to take moments about the centre in 
its disturbed position. If there be any unknown reactions at the 
centre of rotation, their moments will then be zero. 


206. If the accurate equation of moments about the instan- 
taneous centre be required, we may proceed thus. Let LZ be the 
moment of the impressed forces about the instantaneous centre, 
G the centre of gravity, 7 the distance between the centre of 
gravity and the instantaneous centre C, M the mass of the body ; 
then the moment of the impressed forces and the reversed 


effective forces about C is — L— Mo a r cos GO'C, 
If & be the radius of gyration about the centre of gravity, the 


equation of motion becomes M (kh? +7?) 2 =I— Mor s : 


writing for cos GC’C its value dr/dc. 


207. Impulsive forces. The argument of Art, 204 may 
evidently be also applied to impulsive forces, We may thus obtain 
very simply a solution of the problem considered in Art. 171. 


A body is moving in any manner when suddenly a point O in the body is con- 
strained to move in some given manner ; it is required to find the motion relative to O. 


To reduce O to rest, we must apply at the centre of gravity G a momentum 
equal to Mf, where f is the resultant of the reversed velocity of O after the change 
and the velocity of O before the change. If w, w’ be the angular velocities of the 
body before and after the change, and r= OG, we have, by taking moments about O, 


(7? +k?) (w’ — w) =moment of f about O. 
Now the moment about O of a velocity at @ is equal and opposite to the moment 
about G of the same velocity applied at O. Hence if L, L’ be the moments about 
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G of the velocity of O just before and just after the change, and k be the radius 
_L'-L 

208. Ex. Two heavy particles whose masses are m and m’ are connected by an 
inextensible string, which is laid over the vertex of a double inclined plane whose 
mass is M, and which is capable of moving freely on a smooth horizontal plane. 


Find the force which must act on the wedge that the system may be in a state of 
relative equilibrium. 


of gyration about the centre of gravity, we have w’— w 


Here it will be convenient to reduce the wedge to rest by applying to every 
particle an acceleration f equal and opposite to that of the wedge. Supposing this 
done, the whole system is in equilibrium. If F be the required force, we have by 
resolving horizontally (W@+m+m’)f=F. 


Let a, a’ be the inclinations of the sides of the wedge to the horizontal. The 
particle m is acted on by mg vertically and mf horizontally. Hence the tension 
of the string is m(gsina+fcosa). By considering the particle m’, we find the 
tension to be also m’(gsina’—fcosa’). Equating these two we have 


Jf 


Hence F is found. Since f, and therefore also the horizontal and vertical 
accelerations of either particle, are constants, it follows that the path of either 
particle in space is a parabola, whose axis is parallel to the direction of the resultant 
acceleration of that particle. 


m’ sina’—msina 
~ m’ cosa’ +m cosa 


209. A cylindrical cavity whose section is any oval curve and whose generating 
lines are horizontal is made in a cubical mass which can slide freely on a smooth 
horizontal plane. The surface of the cavity is perfectly rough and a sphere is placed 
in it at rest so that the vertical plane through the centres of gravity of the mass and 
the sphere is perpendicular to the generating lines of the cylinder. A momentum B 
is communicated to the cube by a blow in this vertical plane. Find the motion of the 
sphere relatively to the cube and the least value of the blow that the sphere may not 
leave the surface of the cavity. 


Simultaneously with the blow B there will be an impulsive friction between the 
cube and the sphere. Let M, m be the masses of the cube and sphere, a the radius 
of the sphere, & its radius of gyration about a diameter. Let Vo be the initial 
velocity of the cube, vp that of the centre of the sphere relatively to the cube, wo the 
initial angular velocity. Then by resolving horizontally for the whole system, and 
taking moments for the sphere alone about the point of contact, we have 

m (v9 +Vo)+MV,=B, A (V+ Vo) + Rwy =0 osc ec essence nee (1), 
and since there is no sliding U0 = 2p = O Menara (2). 

To find the subsequent motion, let (x, y) be the coordinates of the centre of the 
sphere referred to rectangular axes attached to the cubical mass, # being horizontal 
and y vertical, then, the equation to the cylindrical cavity being given, y is a known 
function of x. Let y be the angle which the tangent to the cavity at the point of con- 
tact of the sphere makes with the horizon, then tan y=dy/dz. Let V be the velocity 


ad. 
of the cubical mass, then, by Art. 132, m (G+ r) fe Mgrs nen ates cvvoairansnn sts (3). 


If 7) be the initial vis viva and y) the initial value of y, we have by the 
equation of vis viva 


4 2 Li 2 S 7 
m\(a+?) + (FZ) + heh + MV?=Ty—2mg (y — Yo) «.+004-+-(4)s 
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where w is the angular velocity of the sphere at the time t. If v be the velocity of 
the centre of the sphere relatively to the cube, we have since there is no sliding 
v=aw, Eliminating V and w from these equations, we have 


dx\? k2 m 
a a 2 SS) SSS - 
&) . {+ tan y) (2 +5) arent SPAN nananbeacanoont (5), 
RB? 
where Co= im LOY 6 jaercacapacemusiiea veda dor (6). 
(M +m) {M +(M+m) at 


This equation gives the motion of the sphere relatively to the cube. 


210. Ex. 1. A spherical hollow of radius a is made in a cube of glass of 
mass M, and a particle of mass m is placed within. The cube is then set in motion 
on a smooth horizontal plane so that the particle just gets round the sphere, 
remaining in contact with it. If the velocity of projection is V, prove that 


V2=5ag +4agm/M. (Coll. Exam. 


Let us reduce the cube to rest. Let R be the normal pressure on the cube, 0 the 
angle the radius of the particle makes with the downward vertical. The whole 
horizontal effective force on the cube is Rsin@. By Art. 204 we apply to every 
particle an acceleration R sin 6/M and an initial velocity equal and opposite to V. 
The particle m is then acted on by a force mR sin 6/M in a horizontal direction in 
addition to the reaction R and the weight mg. The equations of motion of the 
particle are 


“. eee : 
mao= — >, & sin 6 cos O—!mg SINWO! yy.eaee aedoaeerceetaee (1), 
mab2= R+ ue SOT U ETO COI) sondosnoanacoesonbecbtaucsp (2). 


Put 6=w and 6=wdw/dé and eliminate R, we find 


2aw se (11+ m sin? @) + 2aw*m sin 6 cos @= — 2Mg sin 6 (+m), 
. aw (M+m sin? #)=C+29(M+m) cos 6. 
To find C we notice that w=V/a when 0=0. 
. uw? (M +m sin? 0) = MV2 —2ga (M+m) (1—cos 8) .........4.. (3). 
This equation follows also from the principle of vis viva, as in Art. 209. 
From (2) we obtain 
R (M+m sin? 6) = Mm (aw? + g cos 0) .......2cc.c0eecceeeeeee (4). 


In order that the particle may not leave the surface of the hollow and fall inside, it 
is necessary that R should not be negative. Hence, when the particle just goes 
round & must vanish at the point P where R is a minimum. It follows that both 
FR and dR/dé@ must vanish at P. Differentiating (4) as it stands, we have 


adw?/d0=g sin 0. aw = — 9 cos 6 
Differentiate (3) as it stands and substitute these values of w? and dw?/dd. After 
a slight reduction, we find 
(QUE TDR) IO C= sc cacjiadocoosuomsecapssauon a ceer (6). 
This equation gives 0=7, showing that the point P is at the highest point of the 


hollow. It follows from (3) that the particle will just not leave the cube if V2 has 
the value given in the enunciation. 
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In order that the particle may go all round and not oscillate it is also necessary 
that the value of w? given by (3) should not vanish. This clearly cannot happen 
when V2 has the given value. 


Ex. 2. A perfectly rough ball is placed within a hollow cylindrical garden roller 
at its lowest point, and the roller is then drawn along a level walk with a uniform 
velocity V. Show that the ball will roll quite round the interior of the roller, if 
V? be >%7g(b—a), a being the radius of the ball, and 0 that of the roller. 


211. Moving Axes. Next, let us consider the case in which 
we wish to refer the motion to two straight lines O€, On at right 
angles, turning round a fixed origin O with angular velocity o. 


Let Ox, Oy be any fixed axes at right angles and let the 
angle eO&=0. Let €=OM, »=PM be the coordinates of any 
point P. Let u,v be the resolved velocities and X, Y the resolved 
accelerations of the point P in the directions O€, On. 


It is evident that the motion of P is made up of the motions 
of the two pomts M, V 
by simple addition. The 
resolved parts of the 7\ mae 
velocity of M are d&/dt ae 
and & along and per- 
pendicular to OM. The 
resolved parts of the 
velocity of V are in the 
same way dn/dt and nw Tenis z 
along and perpendicular 
to ON. By adding these with their proper signs we have 


_aé _ dy 
CER hee Ore e 


uf 


Since acceleration is the rate of increase of velocity just as 
velocity is the rate of increase of space, we obtain the corresponding 
formule for X, Y by writing u, v for x, y. We thus have 


du =the 
PAE) Be Vo ues 
In the same way by adding the accelerations of M and N we 
dé eee 
have X= See ane 


: a® dy 
By using these formule instead of = and = we may refer 


the motion to the moving axes U&, On. 
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212. Ex.1. Let the axes O£, On be oblique and make an angle a with each 
other; prove that, if the velocity in space be represented by two components u, v 
parallel to the axes, 

u=i-wicota—wycoseca, v=h+wncota+wét coseca. 

In this case PM is parallel to On. The velocities of M and N are the same as 
before. Their resultant is, by the question, the same as the resultant of wu and v. 
By resolving in any two directions and equating the components we get two equa- 
tions to find wu and v. The best directions to resolve along are those perpendicular 
to O£ and On, for then w is absent from one of the equations and v from the other. 
Thus either w or v may be found separately when the other is not wanted. 


Ex. 2. If the acceleration be represented by the components X and Y, prove 
X=t— wu cot a— wv cosec a, Y=0+wv cot a+ wu coseca. 


These may be obtained in the same way by resolving velocities and accelerations 
perpendicular to O£ and On. 


Ex, 3, If u,v be the velocities of a point P referred to rectangular moving axes 
rotating with an angular velocity w, prove that the radius of curvature of the path 


of P in space is given by (u2+02)?/p=wi —vti+(w+v?) w, 

By taking fixed axes coincident for a moment with the moving axes the left side 
of this equation is seen to be «j—#y. Substituting ¢=u, y=v, and for =X, 
y= Y their values given above the result follows at once. 


The ordinary expression for p in polar coordinates follows from this by writing 
u=r, v=rd, w=0. It the independent variable is 9 we have 6=1. 


Ex, 4. In the case of initial motions which start from rest the formula for p in 
the last example becomes nugatory. Show by proceeding as in Art. 200 that p=0 
unless wi — iid + 2 (é? +0?) w=0, and that in that case 


(2 + 82)? p= 4 (wi — bt) + (id + OB) w + (W2+ 6%) 0, 


where w, i &¢., v, U &. represent their initial values, the suffix zero being omitted 
for the sake of brevity. 


213. Ex. A particle under the action of any forces moves on a smooth curve 
which is constrained to turn with angular velocity w about a fixed axis. Find the 
motion relative to the curve. 


Let us suppose the motion to be in three dimensions. Take the axis of Z as 
the fixed axis, and let the axes of ¢, 4 be fixed relatively to the curve. Let the 
mass be the unit of mass, Then the equations of motion are 


@E ill 


qi A ae ee 

a Fo hae! 

e ner Ar (FT =D ARI EY TINS ansauaddee! ongs0On yo Leone. (1), 
az 
qe 2 + Rn 


where X, Y, Z are the resolved parts of the impressed accelerating forces in the 
directions of the axes, R is the pressure on the curye, and (i, m, n) the direction- 
cosines of the direction of R. Then since R acts perpendicular to the curve 

dé dn 


dz 
ae tm a tg =O 
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Suppose the moving curve to be projected orthogonally on the plane of &, y, 
let o be the are of the projection, and v’=do/dt the resolved part of the velocity 
parallel to the plane of projection. Then the equations may be written in the form 


e 


& Rad d 
TE yt Dury See RI, 


dt? dt do 
ay CLO dé 
q@7te Nae &-2wv a + Rm, 
dz 
qe =Z4+En. 
, aq dé . 
The two terms 2wv ae and — 2wv dg 2te the resolved parts of a force 2wv’ acting 
in a direction whose direction-cosines are ges a, m! = “=, i =O), 
o o 
aE 2 4 i Bt 


a +m PF +n Aaa 

Hence the force is perpendicular to the tangent to the curve, and also perpen- 
dicular to the axis of rotation. Let R’ be the resultant of the reaction R and of 
the force 2wv’. Then R’ also acts perpendicularly to the tangent, let (1, m’”, n’) be 
the direction-cosines of its direction, 


These satisfy the equation I 


The equations of motion therefore become 


ie dw 
— ‘4 2 ‘yer 
qe Xt+wrg+ o nt+R'l 
dn do 
trols, beet 2, at ea / ” 
ae — * +n age thm SoS EaaEe Oe ee cea EERO (2). 
2, 
= =Z4R'n" 


These are the equations of motion of a particle moving on a fixed curve, and 
acted on in addition to the impressed forces by two extra forces, viz. (1) a force w*r 
tending directly from the axis, where r is the distance of the particle from the axis, 
and (2) a force rdw/dt perpendicular to the plane containing the particle and the axis, 
and tending opposite to the direction of rotation of the curve. 

In any particular problem we may therefore treat the curve as fixed, Thus 


suppose the curve to be turning round the axis with uniform angular velocity. 
Then resolving along the tangent we have v - = ae + ge + es + wre, 
where r is the distance of the particle from the axis. Let V be the initial value of 
v, To that ofr. Then v?—V2=2{ (Xdx+YVdy+Zdz) +? (r?—1’). 

Let vo be the velocity the particle would have had under the action of the same 
forces if the curve had been fixed. Then v9? — V2=2f (Xda+ Ydy+Zdz). 


Hence v2 — 162 = w? (72 — 12). 


The pressure on the moving curve is not equal to the pressure on the fixed curve. 
Since l’/=dn/dc, m’ = — dé/do, we see that the force 2wv’ acts parallel to the normal 
to the projected curve in the direction opposite to that due to the rotation w. 
Hence, reversing this force, the pressure R on the moving curve is the resultant of 
the pressure R’ on the fixed curve and a pressure 2wv’ acting perpendicularly both 
to the curve and to the axis, the last pressure being taken positively in the direction 
of motion of the curve. 


i 1B 12 
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Thus suppose the curve to be plane and revolving uniformly about an axis 
perpendicular to its plane, and that there are no impressed forces. We have, 
2 
resolving along the normal, a= -—wr sin g+F’, 
where ¢ is the angle which 7 makes with the tangent. If p be the perpendicular 


2 
drawn from the axis on the tangent, Jigs 7 + wp + 2wv. 


This example might also have been advantageously solved by cylindrical co- 
ordinates. The fixed axis might be taken as axis of z and the projection on the 
plane of wy referred to polar coordinates. This method of treating the question 
is left to the student as an exercise. 


2 dw j>—, 
Ex. If w be variable, we have R=7 + wp + 2ov + Ne — p. 


EXAMPLES*. 


1. A circular hoop, whose weight is nw, is free to move on a smooth horizontal 
plane. It carries on its circumference a small ring, weight w, the coefficient of 
friction between the two being yu. Initially the hoop is at rest and the ring has an 
angular velocity w about the centre of the hoop. Show that the ring will be at 
rest on the hoop after a time (1+7)/yw. 


2. A heavy circular wire has its plane vertical and its lowest point at a height 
h above a horizontal plane. A small ring is projected along the wire from its 
highest point with an angular velocity w about its centre at the instant that the wire 
is let go. Show that, when the wire reaches the horizontal plane, the particle will 
just have described n revolutions, where hw? =27?n2g. 


3. A wire in the form of a circle is capable of turning in a horizontal plane 
about a fixed point O in its circumference, and carries a bead P which is initially 
projected from the opposite end A of the diameter through O with a given 
velocity V. Supposing the mass of the wire to be double that of the bead, show 
that (16a4 + 4a2r? — r) ¢2=V2r2, where r=OP, OA=2a, ¢= ZPOA. Art. 147. 


4. Two equal uniform rods of length 2a, loosely jointed at one extremity, are 
placed symmetrically upon a fixed smooth sphere of radius 4a,/2, and raised into 
a horizontal position so that the hinge is in contact with the sphere. If they be 
allowed to descend under the action of gravity, show that, when they are first at 
rest, they are inclined at an angle cos~!4 to the horizon, that the points of contact 
with the sphere are the centres of oscillation of the rods relatively to the hinge, 
that the pressure on the sphere at each point of contact equals one-fourth the 
weight of either rod, and that there is no strain on the hinge. Art. 143. 


5, <A heavy uniform circular hoop of radius a and mass 27am, which is com- 
pletely broken at one point, rolls with its plane vertical with uniform angular 
velocity w on a horizontal plane. Find the maximum and minimum values of the 
bending moment at any point Q of the hoop, and prove that if w be so large 
that the bending moment never vanishes, the greatest of these values will be 
2ma? sin? 0 (aw*+ 9), 20 being the angular distance of Q from the point of fracture. 


* These examples are taken from the Examination Papers which have been set 
in the University and in the Colleges. 
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6. Two straight equal and uniform rods are connected at their ends by two 
strings of equal length a, so as to form a parallelogram. One rod is supported 
at its centre by a fixed axis about which it can turn freely, this axis being perpen- 
dicular to the plane of motion which is vertical. Show that the middle point of 
the lower rod will oscillate in the same way as a simple pendulum of length a, and 
that the angular motion of the rods is independent of this oscillation. 


7. A fine string is attached to two points A, B in the same horizontal plane, 
and carries a weight W at its middle point. A rod whose length is 4B and weight 
W has a ring at either end, through which the string passes, and is let fall from 
the position 4B. Show that the string must be at least 24B, in order that the 
weight may ever reach the rod. Art. 143. 

Also if the system be in equilibrium, and the weight be slightly and vertically 
displaced, the time of its small oscillations is 27 (AB/3g\/3)°. 


8. A fine thread is enclosed in a smooth circular tube which rotates freely 
about a vertical diameter; prove that, in the position of relative equilibrium, the 
inclination (@) to the vertical of the diameter through the centre of gravity of the 
thread will be given by the equation aw*cos@cos@=g, where w is the angular 
velocity of the tube, a its radius, and 2a@ the length of the thread. Explain the 
case in which the value of aw?cos® lies between g and —g. 


9. A smooth wire without inertia is bent into the form of a helix which is 
capable of revolving about a vertical axis coinciding with a generating line of the 
cylinder on which it is traced. A small heavy ring slides down the helix, starting 
from a point in which this vertical axis meets the helix: prove that the angular 
velocity of the helix will be a maximum when it has turned through an angle 6 
given by the equation cos?6+tan?a+6sin 20=0, a being the inclination of the 
helix to the horizon. [Regard the mass of the helix as zero.] 


10. A thin circular cylinder of mass M and radius b rests on a perfectly rough 
horizontal plane and inside it is placed a perfectly rough sphere of mass m and 
radius a. If the system be disturbed in a plane perpendicular to the generators of 
the cylinder, find the equations of finite motion and deduce two first integrals 
of them, and if the motion be small, prove that the length of the equivalent 
pendulum is 14M (b-a)/(10M+7m). {[Math. T. 1899. 


11. On a plane inclined to the horizon at an angle 8 there moves a smooth 
lamina whose centre of mass is G. At a point P of the lamina there is a slit 
in which is mounted a small wheel, on a smooth axis fixed to the lamina in the line 
PG. This wheel, whose dimensions and inertia are so small that they may be 
neglected, can roll but cannot slide on the inclined plane. Show that the angular 
velocity n of the lamina is constant and that the velocity of the centre of gravity is 
compounded of (1) a uniform horizontal velocity g sin 6/2n, (2) a uniform motion 
in a circle of radius g sin B/4n? with angular velocity 2n, (3) a uniform motion in 
a circle of arbitrary radius with angular velocity n. [Math. T. 1902. 


12. AB, BC are two equal uniform rods loosely jointed at B, and moving with 
the same velocity in a direction perpendicular to their length; if the end A be 
suddenly fixed, show that the initial angular velocity of AB is three times that 
of BC. Also show that in the subsequent motion of the rods, the greatest angle 
between them equals cos-12; and that when they are next in a straight line, the 
angular velocity of BC is nine times that of dB. Arts. 147, 169. 

13. Three equal heavy uniform beams jointed together are laid in the same 
right line on a smooth table, and a given horizontal impulse is applied at the 
middle point of the centre beam in a direction perpendicular to its length;, show 


12—2 
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that the instantaneous impulse on each of the other beams is one-sixth of the 
given impulse. ‘ 


14. Three beams of like substance, joined together so as to form one beam, 
are laid on a smooth horizontal table. The two extreme beams are equal in length, 
and one of them receives a blow at its free extremity in a direction perpendicular 
to its length. Determine the length of the middle beam in order that the greatest 
possible angular velocity may be given to the other extreme beam. 


Result. If m be the mass of either of the outer rods, Bm that of the inner rod, 

P the momentum of the blow, w the angular velocity communicated to the third 
pe Liee a 

rod, then maw G + 3 a 3 
15. Two rough rods 4, B are placed parallel to each other and in the same 
horizontal plane. Another rough rod C is laid across them at right angles, its 
centre of gravity being halfway between them. If C be raised through any angle a 
and let fall, determine the conditions that it may oscillate, and show that if its 
length be equal to twice the distance between 4 and B, the angle @ through which 


)=P. Hence when w is a maximum B=4,/3. 


2n 
it will rise in the n oscillation is given by the equation sin = (7) . sina. 


16. The corners A, B of a heavy rectangular lamina ABCD are moveable 
on two smooth fixed wires OA, OB, at right angles to each other in a vertical 
plane, and equally inclined to the vertical. The lamina being in a position of 
equilibrium with AB horizontal, find the velocity of the centre of gravity and 
the angular velocity produced by an impulse applied along the lowest edge CD. 
Having given that AB=2a, BC=4a, prove that AB will just rise to coincidence 
with a wire, if the impulse is such as would impart to a mass equal to that of 
the lamina the velocity whose square is $ga(2—,/2). Also find the impulsive 
stresses at 4 and B. [Take moments about the instantaneous axis of rotation 
for the impulse and then use the principle of vis viva.] 


17. A ball spinning about a vertical axis moves on a smooth table and impinges 
directly on a perfectly rough vertical cushion; show that the vis viva of the ball 
is diminished in the ratio 10+14 tan?@ ; 10/e?+ 49 tan?@, where ¢ is the elasticity of 
the ball and @ the angle of reflexion. 


18. A rhombus is formed of four rigid uniform rods, each of length 2a, freely 
jointed at their extremities. If the rhombus be laid on a smooth horizontal table 
and a blow be applied at right angles to any one of the rods, the rhombus will begin 
to move as a rigid body if the blow be applied at a point distant a(1-—cosa) from 
an acute angle, where a is the acute angle. 


19. A rectangle is formed of four uniform rods of lengths 2a and 2b respectively, 
which are connected by hinges at their ends. The rectangle is revolving about its 
centre on a smooth horizontal plane with an angular velocity n, when a point 
in one of the sides of length 2a suddenly becomes fixed. Show that the angular 
Batd 
6a+4b' 
change in the angular velocity of the other sides and the impulsive action at the 
point which becomes fixed. 


velocity of the sides of length 2b immediately becomes v. Find also the 


20. Three equal uniform inelastic rods loosely jointed together are laid in 
a straight line on a smooth horizontal table, and the two outer ones are set in 
motion about the ends of the middle one with equal angular velocities (1) in the 
same direction, and (2) in opposite directions. Prove that in the first case, when 
the outer rods make the greatest angle with the direction of the middle one produced 
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on each side, the common angular velocity of the three is #w, and that in the 
second case after the impact of the two outer rods the triangle formed by them will 
move with uniform velocity 3aw, 2a being the length of each rod. [In case (1) the 
system is moving as a rigid body about the common centre of gravity G; take 
moments about G. In case (2) use Art. 132.] 


21. An equilateral triangle formed of three equal heavy uniform rods of length 
a hinged at their extremities is held in a vertical plane with one side 4B horizontal 
and the vertex C downwards. If after falling through any height, the middle 
point of the upper rod be suddenly stopped, the impulsive strains on the upper 


and lower hinges will be in the ratio of J/13 tol. If the lower hinge would just 
break if the system fell through a height 8a/,/3, prove that if the system fell through 
a height 32a/,/3 the lower rods would just swing through two right angles. [The 
horizontal reaction at C and the reaction at A are in equilibrium with the reversed 
effective force at the centre of gravity of AC. This last is vertical, and therefore 
the horizontal components of the reactions are equal.] 


22. <A perfectly rough and rigid hoop rolling down an inclined plane comes in 
contact with an obstacle in the shape of a spike. Show that if the radius of the 
hoop =r, height of spike above the plane=4r and velocity just before impact = V, then 
the condition that the hoop will surmount the spike is V?>4,gr {1-sin(a+i7)}, 
a being the inclination of the plane to the horizon. Show that the hoop will not 
remain in contact with the spike unless V?<1%gr.sin(a+47m), and if it does, the 
hoop will leave the spike when the diameter through the point of contact makes 

2 
an angle with the horizon=sin7! us ue +4sin at—)\t. Art, 174, Ex. 1. 
32 gr 6 

23. A flat circular dise of radius a is projected on a rough horizontal table, 
which is such that the friction upon an element a is cV*ma, where V is the velocity 
of the element, m the mass of a unit of area: find the path of the centre of the disc. 

If the initial velocity of the centre of gravity and the angular velocity of the 
disc be wy, wo, prove that the velocity w and angular velocity w at any subsequent 
Bue — a2 w i _ wy 

2 Up? wW 


eG lati 
time satisfy the relation (Gar wa 
24. A heavy circular lamina of radius a and mass J rolls on the inside of a 
rough circular are of twice its radius fixed in a vertical plane. Find the motion. 
If the lamina be placed at rest in contact with the lowest point, the impulse which 
must be applied horizontally that it may rise as high as possible (not going all 


round), without falling off, is M \/3ag. 


25. A string without weight is coiled round a rough horizontal cylinder, of 
which the mass is M and the radius a, and which is capable of turning round its 
axis. ‘To the free extremity of the string is attached a chain of which the mass is 
m and the length 2; if the chain be gathered close up and then let go, prove that 
the angle @ through which the cylinder has turned after a time t¢ before the chain is 
fully stretched is given by Mal@=m (4g? — a#)?. 


26. Two equal rods AC, BC are freely connected at C, and hooked to A and B, 
two points in the same horizontal line, each rod being inclined at an angle a to 
the horizon. The hook B suddenly giving way, prove that the direction of the strain 
1+6sin’a 2-3 a) 


. . ° —1 
at C is instantaneously shifted through an angle tan € AGIORLa a wil a GOBa 


27. Two particles 4, B are connected by a fine string; 4 rests on a rough 
horizontal table and B hangs vertically at a distance J below the edge of the table. 
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If A be on the point of motion and B be projected horizontally with a velocity w, 
2 

show that A will begin to move with acceleration aul + , and that the initial radius 

of curvature of B’s path will be (u+1)1, where y is the coefficient of friction. 


28. Two particles (m, m’) are connected by a string passing through a small 
fixed ring and are held so that the string is horizontal; their distances from the 
ring being a and a’. If p, p’ be the initial radii of curvature of their paths when 


f ih ea aes eae 
they are let go, prove that . = , and Ps +5=-+5. 


jh 


29. A sphere whose centre of gravity is not in its centre is placed on a rough 
table; the coefficient of friction being mu, determine whether it will begin to slide 
or to roll. e 


30. A circular ring is fixed in a vertical position upon a smooth horizontal 
plane, and a small ring is placed on the circle, and attached to the highest point 
by a string, which subtends an angle a at the centre; prove that if the string be 
cut and the circle left free, the pressures on the ring before and after the string 
is cut are in the ratio M+msin?a: Mcosa, m and M being the masses of the 
ring and circle. [Reduce the ring to rest, Arts. 204, 210.] 


31. One extremity C of a rod is made to revolve with uniform angular velocity 
n in the circumference of a circle of radius a, while the rod itself is made to revolve 
in the opposite direction with the same angular velocity about that extremity. The 
rod initially coincides with a diameter, and a smooth ring capable of sliding freely 
along the rod is placed at the centre of the circle. If 7 be the distance of the ring 


5 2 
from C at the time t, prove r= (etc emnt) +5 cos 2nt. [Reduce C to rest, Art. 204.] 


32. Two equal uniform rods of length 2a are joined together by a hinge at one 
extremity, their other extremities being connected by an inextensible string of 
length 21. The system rests upon two smooth pegs in the same horizontal line, 
distant 2c from each other. If the string be cut, prove that. the initial angular 


: : : 8a?c — 13 
acceleration of either rod will be g Sat adatee p 
+ a — Bae 


{Take moments, for either rod alone, about the intersection of a horizontal line 
drawn through the hinge with a perpendicular to the rod drawn at the peg, Art. 205.} 


33. A smooth horizontal dise revolves with angular velocity ./u about a 
vertical axis, at the point of intersection of which is placed a material particle 
attracted to a certain point of the dise by a force whose acceleration is « x distance; 
prove that the path on the disc is a cycloid. Art. 211. 


34. A hollow cylinder of radius a rests on a rough table, and contains an insect. 
resting within it on the lowest generator; if the insect start off and continue to. 
walk at a uniform velocity V relative to the cylinder in a vertical plane cutting the 
axis of the cylinder at right angles, then the angle 0 the axial plane containing the 
insect makes with the vertical is given by a?62(M-+2msin?46)=MV2-2mag sin246, 
it being understood that the cylinder is very thin. ‘ 

If the internal radius be b, prove 

6° [M (k? + a?) +m (a? — 2ab cos 6 + b)]=C — 2mgb (1 — cos 6), 
where Cb? [M (k? +a”) +m (a — b)?]=V2[M (k? +a?) +ma (a-b)]?, 
and M, m are the masses of the cylinder and insect respectively. 
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35. A circular hoop of radius b, without mass, has a heavy particle rigidly 
attached to it at a point distant c from the centre, and its inner surface is con- 
strained to roll on the outer surface of a fixed circle of radius a (b being greater 
than a), under the action of a repelling force from the centre of the fixed circle equal 
to uw times the distance. Show that the period of small oscillations of the hoop will 


pe eet” (C= 
a ch 


the same period; and show further that in the general case the hoop may be 
started so that it will continue to roll with uniform angular velocity equal to 


b—a\3 
ee . 


rp 
2 
) . Show that when c=8, all oscillations, large or small, have 


CHAPTER V 
MOTION OF A RIGID BODY IN THREE DIMENSIONS 


Translation and Rotation. 


214. Ir the particles of a body be rigidly connected, then, 
whatever be the nature of the motion generated by the forces, 
there must be some general relations between the motions of the 
particles of the body. These must be such that if the motion of 
three points not in the same straight line be known, that of every 
other point may be deduced. It will then in the first place be 
our object to consider the general character of the motion of a 
rigid body apart from the forces that produce it, and to reduce 
the determination of the motion of every particle to as few in- 
dependent quantities as possible: and in the second place we 
shall consider how when the forces are given these independent 
quantities may be found. 


215. One point of a moving rigid body being fiwed, it is re- 
quired to deduce the general relations between the motions of the 
other points of the body. 


Let O be the fixed point and let it be taken as the centre 
of a moveable sphere which we shall suppose fixed in the body. 
Let the radius vector to any point Q of the body cut the sphere 
in P, then the motion of every point Q of the body will be re- 
presented by that of P. 


If the displacements of two points A, B on the sphere in 
any time be given as AA’, BB’, the displacement of any other 
point P on the sphere may clearly be found by constructing on 
A’B’ as base a triangle A’P’B’ similar and equal to APB. Then 
PP’ will represent the displacement of P. It may be assumed as 
evident, or it may be proved as in Euclid, that on the same base 
and on the same side of it there cannot be two triangles on the 
same sphere, which have their sides terminated in one extremity 
of the base equal to one another, and likewise those terminated in 
the other extremity. 
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Let D and FE be the middle points of the arcs AA’, BB’, and 
let DC, EC be arcs of great circles drawn perpendicular to AA’, 
BB’ respectively. Then clearly CA =CA’ and CB=CB’, and 
therefore since the bases AB, 
A’B’ are equal, the two tri- 
angles ACB, A’CB’ are equal 
and similar. Hence the dis- 
placement of Cis zero. Also 
it is evident, since the dis- 
placements of O and C are 
zero, that the displacement 
of every point in the straight 
line OC is also zero. 


Hence a body may be 
brought from any position, 
which we may call AB, into 
another A’B’ by a rotation 
about OC as an axis through 
an angle PCP’ such that any one point P is brought into coincidence 
with its new position P’. Then every point of the body will be 
brought from its first to its final position. 

This theorem is due to Euler. Mémoires de V Académie de Berlin 1750, and the 
Commentaires de Saint-Pétersbourg 1775. 


216. If we make the radius of the sphere infinitely great, the 
various circles in the figure will become straight lines. We may 
therefore infer that if a body be moving in one plane it may be 
brought from any position which we may call AB into any other 
A’B’ by a rotation about some point C. 


, / 


217. Ex. 1. A body is referred to rectangular axes «, y, Z, | i, Oo 
and, the origin remaining the same, the axes are changed to ~) 
a’, y’, 2’, according to the scheme in the margin. Show that this 
is equivalent to turning the body round an axis whose equations 
are any two of the following three: 

(a, —-1) e+ agy +a432=0, b, 2+ (bg-1) y +b3z=0, cya +cgy +(¢3-1)2=0, 
through an angle 6, where 3-4 sin? 40=a,+bo+¢3. 
The positive directions of x’, y’ being arbitrary, show that the condition that these 
three equations are consistent is satisfied, provided the positive direction of the 
axis of z’ is properly chosen. See also a question in the Smith’s Prize Examination 
for 1868. 

Take two points one on each of the axes of z and 2’ at a distance h from the 
origin. Their coordinates are (0, 0, h) (agh, b3h, c3h), therefore their distance is 
h 2d —¢3). But it is also 2hsinysin$@; .. 2sin?4@ sin® y=1—c3, where ¥ is 
the angle zOz’. Similarly 2 sin?40 sin?a=1-—a, and 2sin?4@ sin? 8=1-—b,, whence 
the equation to find @ follows at once. 

Ex. 2. Show that the equations of the axis may also be written in the form 

i y z 
C1443 Cgtb3 ¢3-a,—bg+1° 


x a, a2, a3 
y | by, ba, bg 
& | C1, Cg, C3 
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218. When a body is in motion we have to consider not 
merely its first and last positions, but also the intermediate 
positions. Let us then suppose AB, A’B’ to be two positions at 
any indefinitely small interval of time dé. We see that when a 
body moves about a fixed point O, there is, at every instant of the 
motion, a straight line OC, such that the displacement of every 
point in it during an indefinitely short time dt is zero. This 
straight line is called the instantaneous aais. 


Let dO be the angle through which the body must be turned 
round the instantaneous axis to bring any point P from its 
position at the time ¢ to its position at the time ¢+dé, then the 
ultimate ratio of d@ to dé is called the angular velocity of the 
body about the instantaneous axis. The angular velocity may 
also be defined as the angle through which the body would turn 
in a unit of time if it continued to turn uniformly about the same 
axis throughout that unit with the angular velocity it had at the 
proposed instant. 


219. Let us now remove the restriction that the body is 
moving with some one point fixed. We may establish the follow- 
lng proposition. 

Every displacement of a rigid body may be represented by a 
combination of the two following motions, (1) a motion of trans- 
lation, whereby every particle is moved parallel to the direction of 
motion of any assumed point P rigidly connected with the body 
and through the same space ; (2) a motion of rotation of the whole 
body about some axis through this assumed point P. 

This theorem and that of the central axis are given by Chasles. Bulletin des 


Sciences Mathématiques par Ferussac, Vol. x1v. 1830. See also Poinsot, Théorie 
Nouvelle de la Rotation des Corps 1834. 


It is evident that the change of position may be effected by 
moving P from its old to its new position P’ by a motion of trans- 
lation, and then retaining P’ as a fixed point by moving any two 
points of the body not in one straight line with P into their 
tinal positions. This last motion has been proved to be equivalent 
to a rotation about some axis through P’. 

Since these motions are quite independent, it is evident that 
their order may be reversed, ie. we may first rotate the body 


and then translate it. We may also suppose them to take place 
simultaneously. 


It is clear that any point P of the body may be chosen as 


the base point of the double operation. Hence the given dis- 
placement may be constructed in an infinite variety of ways. 


220. Change of Base. To find the relations between the 


axes and angles of rotation when different points P,Q are chosen 
as bases. 
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Let the displacement of the body be represented by a rota- 
tion @ about an axis PR and a translation PP’. Let the same 
displacement be also represented by a rotation 6’ about an axis 
QS and a translation QQ’. It is clear that any point has two 
displacements, (1) a translation equal and parallel to PP’, and 
(2) a rotation through an arc in a plane perpendicular to the axis of 
rotation PR. This second displacement is zero only when the point 
is on the axis PR. Hence the only points whose displacements 
are the same as that of the base point lie on the axis of rotation 
corresponding to that base point. Through the second base point 
Q draw a parallel to PR. Then for all points in this parallel, the 
displacements due to the translation PP’, and the rotation @ 
round PR, are the same as the corresponding displacements for 
the point Q. Hence this parallel must be the axis of rotation 
corresponding to the base point @. We infer that the axes of 
rotation corresponding to all base points are parallel. 


221. The axes of rotation at P and Q having been proved 
parallel, let a be the distance 
between them. Let the plane q Q’ 
of the paper intersect these ee ae 
axes at right angles in P and : at \ 
Q then PQ=a. Let PP’, QQ’ 
represent the linear displace- Ae 
ments of P and Q respectively, 
though these need not neces- 
sarily be in the plane of the 
paper. 

The rotation 6 about PR will cause Q to describe an arc of 
a circle of radius a@ and angle 6, the chord Qg of this arc is 
2a sin $6 and is the displacement due to rotation. The whole dis- 
placement QQ’ of Q is the resultant of Qg and the displacement 
PP’ of P. In the same way the rotation 0’ about QS will cause 
P to describe an arc, whose chord Pp is equal to 2asin $6’. 
The whole displacement PP’ of P is the resultant of Pp and the 
displacement QQ’ of Q. But if the displacement of Q is equal 
to that of P together with Qq, and the displacement of P is 
equal to that of Q together with Pp, we must have Pp and Qq 
equal and opposite. This requires that the two rotations 0, 0” 
about PR and QS should be equal and in the same direction. 
We infer that the angles of rotation corresponding to all base points 
are equal. 


222. Since the translation QQ’ is the resultant of PP’ and 
Qg, we may by this theorem find both the translation and rotation 
corresponding to any proposed base point Q when those for P are 
given. 

Since Qg, the displacement due to rotation round PA, is 
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perpendicular to PR, the projection of QQ’ on the axis of rotation 
is the same as that of PP’. Hence the projections on the aais of 
rotation of the displacements of all points of the body are equal. 


223. An important case is that in which the displacement is 
a simple rotation 6 about an axis PR, without any translation. If 
any point Q distant a from PR be chosen as the base, the same 
displacement is represented by a translation of Q along a chord 
Qq = 2a sin $6 in a direction making an angle 3 (m—@) with the 
plane QPR, and a rotation which must be equal to @ about an 
axis which must be parallel to PR. Hence a@ rotation about any 
axis may be replaced by an equal rotation about any parallel aais 
together with a motion of translation. 


224. When the rotation is indefinitely small, the proposition 
can be enunciated thus:—a motion of rotation wdt about an axis 
PR is equivalent to an equal motion of rotation about any parallel 
axis QS, distant a from PR, together with a motion of translation 
awdt perpendicular to the plane containing the axes and in the 
direction in which QS moves. 


225. Central axis. Jt is often wmportant to choose the base 
point so that the direction of translation may coincide with the 
axis of rotation. Let us consider how this may be done. 

Let the given displacement of the body be represented by a 
rotation @ about PR, and a 
translation PP’. Draw P’N 
perpendicular to PR. If 
possible let this same dis- 
placement be represented by 
a rotation about an axis QS, 
and a translation QQ’ along 
QS. By Arts. 220 and 221 
QS must be parallel to PR 
and the rotation about it 
must be @. This translation 
will move P a length equal 
to QQ’ along PR, and the 
rotation about QS will move 
P along an arc perpendicular 
to PR. Hence QQ’ must 
equal PN and NP’ must be 
the chord of the arc. It 
follows that QS must le on 
a plane bisecting NP’ at 
right angles and at a distance a from PA where NP’ = 2asin $6, 
or, which is more convenient, at a distance y from the plane NPP’ 
where VP’=2ytan36. The rotation @ round QS is to bring 
N to P’ and is in the same direction as the rotation @ round PR, 


hk 
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Hence the distance y must be measured from the middle point of 
NP’ in the direction in which that middle point is moved by its 
rotation round PR. 


Having found the only possible position of QS, it remains to 
show that the displacement of Q is really along QS. The rotation 
@ round PR will cause @ to describe an are whose chord Qq is 
parallel to P’N and equal to 2asin}@. The chord Qq is theretore 
equal to NP’, and the translation NP’ brings ¢ back to its position 
at Q. Hence @ is moved only by the translation PN, ie. Q is 
moved along QS. 


226. It follows from this reasoning that any displacement of 
a body can be represented by a rotation about some straight line 
and a translation parallel to that straight line. This mode of 
constructing the displacement is called a screw. The straight line 
is sometimes called the central axis and sometimes the axis of 
the screw. ‘The ratio of the translation to the angle of rotation 
is called the pitch of the screw. A rule to determine the signs 
is given in Art. 243. 


227. The same displacement of a body cannot be constructed 
by two different screws. For if possible let there be two central 
axes A.B,CD. Then AB and CD by Art. 220 are parallel. The 
displacement of any point Q on CD is found by turning the body 
round AB and moving it parallel to AB, hence Q has a displace- 
ment perpendicular to the plane ABQ and therefore can move 
only along CD. 


228. When the rotations are indefinitely small, the construc- 
tion to find the central axis may be simply stated thus. Let the 
displacement be represented by a rotation wdt about an axis PR 
and a translation Vdt in the direction PP’. Measure a distance 

VernPPR 
ins @ 
side of the plane towards which P’ is moving. A parallel to PR 
through the extrenuty of y vs the central amis. 


from P perpendicular to the plane P’PR on that 


Ex. 1. Given the displacements 44’, BB’, CC’ of three points of a body in 
direction and magnitude, but not necessarily in position, find the direction of the 
axis of rotation corresponding to any base point P. 

Through any assumed point O draw Oa, O8, Oy parallel and equal to 4d’, BB’, 
CG’. If Op be the direction of the axis of rotation, the projections of Oa, OB, Oy 
on Op are all equal, each being the same as the displacement of the base point 
(Art. 222). Hence Op is the perpendicular drawn from O on the plane a8y. This 
also shows that the direction of the axis of rotation is the same for all base points. 

Ex. 2. If in the last example the motion be referred to the central axis, show 
that the translation along it is equal to Op. 

Ex. 3. Given the displacements 44’, BB’ of two points A, B of the body and 
the direction of the central axis, find the position of the central axis. Draw 
planes through 44’, BB’ parallel to the central axis. Bisect dd’, BB’ by planes 
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perpendicular to these planes respectively and parallel to the direction of the 
central axis. These two last planes intersect in the central axis. 


Composition of Rotations and Screws. 


229. It is often necessary to compound rotations about axes 
OA, OB which meet at a point O. But, as the only case which 
occurs in rigid dynamics is that in which these rotations are 
indefinitely small, we shall first consider this case with some par- 
ticularity, and then indicate generally at the end of the chapter 
the mode of proceeding when the rotations are of finite magnitude. 


230. To explain what is meant by a body having angular 
velocities about more than one axis at the same time. 


A body in motion is said to have an angular velocity w about 
a straight line, when, the body being turned round this straight 
line through an angle wdt, every point of the body is brought from 
its position at the time ¢ to its position at the time ¢+ de. 


Suppose that during three successive intervals each of time df, 
the body is turned successively round three different straight lines 
OA, OB, OC meeting at a point O through angles ,dt, dt, 
w;,dt. We shall first prove that the final position is the same 
in whatever order these rotations are effected. Let P be any 
point in the body, and let its distances from OA, OB, OC, respec- 
tively, be 7,, 7, 73. First let the body be turned round OA, 
then P receives a displacement @,7,dt. By this motion let 7, be 
increased to 7, + dr., then the displacement caused by the rotation 
about OB will be in magnitude ,(r,+ dr.) dt. But according to 
the principles of the differential calculus we may in the limit 
neglect the quantities of the second order, and the displacement 
becomes @,7,dt. So also the displacement due to the remaining 
rotation will be w,7,d¢. And these three results will be the same 
in whatever order the rotations take place. In a similar mauner 
we can prove that the directions of these displacements will be 
independent of the order. The final displacement is the diagonal 
of the parallelopiped described on these three lines as sides, and 
is therefore independent of the order of the rotations. Since then 
the three rotations are quite independent, they may be said to 
take place simultaneously. 


When a body is said to have angular velocities about three 
different axes it is only meant that the motion may be determined 
as follows. Divide the whole time into a number of small in- 
tervals each equal to dé. During each of these, turn the body 
round the three axes successively, through angles w,dt, w,dt, w,dt. 
Then when dé diminishes without limit the motion during the 
whole time will be accurately represented. 
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231. It is clear that a rotation about an axis OA may be 
represented in magnitude by a length measured along the axis. 
This length will also represent its direction if we follow the same 
rule as in statics. Let OA be the positive direction of the axis 
defined as in Art. 243. The rotation may be called positive or 
negative according as it appears to be in some standard direction 
or the reverse to a spectator placed with his feet at O and back 
along OA. 


232. Parallelogram of angular velocities. Jf two an- 
gular velocities about two axes OA, OB be represented in magnitude 
and direction by the two lengths OA, OB; then the diagonal OC 
of the parallelogram constructed on OA, OB as sides will be the 
resultant axis of rotation, and rts length will represent the magni- 
tude of the resultant angular velocity. 


Let P be any point in OC, and let PM, PN be drawn 
perpendicular to OA, OB. Since OA represents the angular 
velocity about OA and PWM is the perpendicular distance of P 
from OA, the product OA.PM will represent the velocity of P 
due to the angular velocity about OA. Similarly OB. PN will 
represent the velocity of P due to the angular velocity about OB. 
Since P is on the left-hand side of OA and on the right-hand 
side of OB, as we respectively look along these directions, it is 
evident that these velocities are in opposite directions. 


Hence the velocity of any point P is represented by 
OA.PM—OB.PN=OP{0A.sin COA — OB.sin COB} =0. 


Therefore the point P 
is at rest and OC is the ae 
resultant axis of rotation. 


+ 
Let be the angular 7 OU exe Poe 
velocity about OC, then the ve P VA 
eee 
0 M A 


velocity of any point A in 
OA is perpendicular to the 
plane AOB and is repre- 
sented by the product of @ 
into the perpendicular distance of A from OC=0.0A sin COA. 
But since the motion is also determined by the two given angular 
velocities about OA, OB, the motion of the point A is also repre- 
sented by the product of OB into the perpendicular distance of 
A from OB=OB.OAsin BOA; 


=i0C. 


Hence the angular velocity about OC is represented in magni- 
tude by OC. 

From this proposition we may deduce as a corollary “the 
parallelogram of angular accelerations.” For if OA, OB represent 
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the additional angular velocities impressed on a body at any 
instant, it follows that the diagonal OC will represent the resultant 
additional angular velocity in direction and magnitude. 


233. This proposition shows that angular velocities and angular 
accelerations may be compounded and resolved by the same rules 
and in the same way as if they were forces. Thus an angular 
velocity @ about any given axis may be resolved into two, w cos a 
and sina, about axes at right angles to each other and making 
angles a and $7—a with the given axis. 

If a body have angular velocities ,, @:, @; about three axes 
Ox, Oy, Oz at right angles, they are together equivalent to a single 
angular velocity w, where w= /o,+o/+o,7, about an axis 
making angles with the given axes whose cosines are respectively 
@, @, @3 
a’ wo’ @ 
proposition in statics, by compounding the three angular velocities, 
taking them two at a time. 

It will however be needless to recapitulate the several pro- 
positions proved for forces in statics with special reference to 
angular velocities. We may use “the triangle of angular velocities” 
or the other rules for compounding several angular velocities 
together, without any further demonstration. 


This may be proved, as in the corresponding 


234. The Angular Velocity couple. A body has angular 
velocities w, w’ about two parallel axes OA, O'B distant a from each 
other, to find the resulting motion. 

Since parallel straight lines may be regarded as the limit of 
two straight lines which intersect at a very great distance, it 
follows from the parallelogram of angular velocities that the two 
given angular velocities are equivalent to an angular velocity 
about some parallel axis O”C lying in the plane containing OA, 
O'B. 

Let « be the distance of this axis from OA, and suppose it 


P 


0’ B 

(Oy Fi (Of 
ti ta y 

0 HL A 


to be on the same side of OA as O'B. Let Q be the angular 
velocity about it. 

Consider any point P, distant y from OA and lying in the 
plane of the three axes. The velocity of P due to the rotation 
about OA is wy, the velocity due to the rotation about O’B is 
w'(y—a) But these two together must be equivalent to the 
velocity due to the resultant angular velocity Q about O”C, and 
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this is QO (y—~2), 
*. oy to’ (y—a)=O(y—2). 

This equation is true for all values of y,... Q=0+ 0’, 2=ao’/Q. 

This is the same result we should have obtained if we had 
been seeking the resultant of two forces w, w’ acting along OA, 
OB. 

If w =—o’, the resultant angular velocity vanishes, but «# is in- 
finite. The velocity of any point P isin this case wy + w’ (y —a)=aa, 
which is independent of the position of P. 

The result is that two angular velocities, each equal to w but 
tending to turn the body in opposite directions about two parallel 
axes at a distance a from each other, are equivalent to a linear 
velocity represented by aw. This corresponds to the proposition 
in statics that “a couple” is properly measured by its moment. 

We may deduce as a corollary, that a motion of rotation w 
about an aais OA is equivalent to an equal motion of rotation about 
a parallel aais O'B plus a motion of translation aw perpendicular 
to the plane containing OA, O'B, and in the direction in which O'B 
moves. See also Art. 223. 


235. The analogy to Statics. 1 explain a certain analogy 
which exists between statics and dynamcs. 

All propositions in statics relating to the composition and 
resolution of forces and couples are founded on these theorems : 

1. The parallelogram of forces and the parallelogram of 
couples. 

2. A force F is equivalent to any equal and parallel force 
together with a couple Fp, where p is the distance between the 
forces. 

Corresponding to these we have in dynamics the following 
theorems on the instantaneous motion of a rigid body: 

1. The parallelogram of angular velocities and the parallelo- 
gram of linear velocities. 

2. An angular velocity » is equivalent to an equal angular 
velocity about a parallel axis together with a linear velocity equal 
to wp, where p is the distance between the parallel axes. 

It follows that every proposition in statics relating to forces 
has a corresponding proposition in dynamics relating to the 
motion of a rigid body, and these two may be proved in the 
same way. 

To complete the analogy it may be stated (1) that an angular 
velocity like a force in statics requires, for its complete determina-, 
tion, five constants, and (11) that a velocity like a couple in statics 
requires but three. Four constants are required to determine the 
line of ‘action of the force or of the axis of rotation, and one to 
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determine the magnitude of either. There will also be a conven- 
tion in either case to determine the positive direction of the line. 
Two constants and a convention are required to determine the 
positive direction of the axis of the couple or of the velocity and 
one the magnitude of either. The discovery of this analogy is due 
to Poinsot. 


236. In order to show the great utility of this analogy and 
how easily we may transform any known theorem in statics into 
the corresponding one in dynamics, we shall place in close juxta- 
position the more common theorems which are in continual use 
both in statics and dynamics. 


It is proved in statics that any given system of forces and 
couples can be reduced to three forces X, Y, Z, which act along 
any rectangular axes which may be convenient and which meet 
at any base point O we please, together with three couples which 
we may call LZ, M, NV and which act round these axes. A simpler 
representation is then found, for it is proved that these forces and 
couples can be reduced to a single force which we may call & and 
a couple G which acts round the line of action of A. This line 
of action of £# is called the central axis. There is but one central 
axis corresponding to a given system of forces, The term wrench 
has been applied to this representation of a given system of forces. 
Draw any straight line AB parallel to the central axis at a dis- 
tance c from it. Then we may move #& from the central axis to 
act along AB at A, provided we introduce a new couple whose 
moment is Re. Combining this with the couple G, we have for 
the new base point A a new couple G=,/G?+ Rc, the force 
being the same as before. The couple G’ is a minimum when c= 0, 
Le. when AB coincides with the central axis. By taking moments 
round AB we see that the moment of the forces round every 
straight line parallel to the central axis is the same and equal to 
the minimum couple. 


The same train of reasoning by which these results were ob- 
tained will lead to the following propositions, The instantaneous 
motion may be reduced to a linear velocity of any base point we 
please and an angular velocity round some axis through the 
base. These are then reduced to an angular velocity which we 
may call © about an axis called the central axis, and a linear 
velocity along that axis which we may call V. The term screw 
has been applied to this representation of the motion. Draw any 
straight line AB parallel to the central axis. Then we may move 
Q from the central axis to act round AB, provided that we intro- 
duce a new linear velocity represented by Qc. Combining this with 
the velocity V we have for the new base A (which is any point 
on AB) a new linear velocity V’ =./V? +e, the angular velocity 
being the same as before. The linear velocity V’ is a minimum 
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when c= 0, i.e. when AB coincides with the central axis. We see 
that the linear velocity of any point A resolved in the direction 
AB, i.e, parallel to the central axis, is always the same and equal 
to the minimum velocity of translation. 

It will be seen that most of these results have already been 
obtained in Arts. 219 to 228 for finite rotations. 


237. Another useful representation depends on the following 
proposition. Any system of forces can be replaced by some force 
F which acts along a straight line which we may choose at 
pleasure, and some other force #” which acts along some other 
line and does not in general cut the first force. These are called 
conjugate forces. The shortest distance between these is proved 
in statics, to intersect the central axis at right angles. The 
directions and magnitudes of the forces F, F’ are such that R 
would be their resultant if they were moved parallel to them- 
selves, so as to intersect the central axis, Also it is known that, 
if @ be the angle between the directions of the forces F, F’ and 
a the shortest distance between them, /F’asin0=GR. If the 
arbitrary line of action of /’ is such that the moment of the forces 
about it is zero, both F and #” act along that line in opposite 
directions and the magnitude of each is infinite. 


By help of the analogy we may obtain the corresponding 
propositions in the motion of a body. Any motion may be repre- 
sented by two angular velocities, one » about an axis which we 
may choose at pleasure and another w’ about some axis which 
does not in general cut the first axis. These are called conjugate 
axes. The shortest distance between these intersects the central 
axis at right angles. These angular velocities are such that Q 
would be their resultant if their axes were placed parallel to 
their actual positions, so as to intersect the central axis. If @ be 
the angle between the axes of w, w and a be the shortest distance 
between these axes, then ww’a sin 0 = VQ. If the arbitrary axis of 
w is such that the velocity of every point of the axis resolved along 
the axis is zero (Art. 137), the angular velocities w, w’ have a 
common axis, opposite signs and the magnitude of each is infinite. 


238. The velocity of any Point. The motion of a body 
during the time dt may be represented, as explained in Art. 219, 
by a velocity of translation of a base point O, and an angular 
velocity about some axis through 0. Let us choose any three 
rectangular axes Ox, Oy, Oz which may suit the particular pur- 
pose we have in view. These axes meet in O and move with 0, 
keeping their directions fixed in space. Let u, v, w be the resolved 
parts along these axes of the linear velocity of O and oz, wy, w, 
the resolved parts of the angular velocity. These angular velo- 
cities are supposed positive when they tend the same way round 
the axes that positive couples tend in statics, Thus the positive 
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directions of wz, @,, @z are respectively from y to 2, from z to. # 
and from « to y. 


The whole motion during the time dé of the body is known 
when these six quantities U, ¥, W, @¢, @y, @z are given. These six 
quantities may be called the components of the motion. We now 
propose to find the motion of any point P whose coordinates 
are &, Y, 2. 

Let us find the velocity of P parallel to the axis of z. Let PN 

be the ordinate of z and let 
|2 PM be drawn perpendicular 
to Ox. The velocity of P due 
to the rotation round Ow is 
clearly o,PM. Resolving 
this along WP we get 
o,PM sin NPM = zy. 
Similarly that due to the 
rotation about Oy is — w,& 
and that due to the rotation 
about Ozis zero. Adding the 
linear velocity w of the origin, 
we see that the whole velo- 
city of P parallel to Oz is 


W =W +t zy — Wy LX. 
Similarly the velocities parallel to the other axes are 
U=U+ wy 2 — @2Y, 
/ 
Vv =V+0,0— WyzZ. 


vA 


239. It is sometimes necessary to change our representation 
of a given motion from one base point to another. These formule 
will enable us to do so, Thus suppose we wish our new base 
point to be at a point O’, the axes at O’ being parallel to those 
at O. Let (& 7, €) be the coordinates of O’ and let w’, v’, w’, 
@,, @,', @; be the linear and angular components of motion for the 
base O’. We have now two representations of the same motion, 
both these must give the same result for the linear velocities of 
any point P. Hence 


14 
U+t @yz — ay =W +o, (2 —6) —@,' (y — n), 
U+ 0,8 —@z2 =V + @, (w — £) — @,' (2 — £), 
i / / * 
W + @xY — @yL=W'+ Wg (Y — 7) — @,' (x — &), 
must be true for all values of 2, Ret 
These equations give @;’= Wz, @y'=@y, @7 = @,; so that what- 
ever base is chosen the angular velocity is always the same in 
direction and magnitude. See Art. 221. We also see that w’,v’, w’ 


are given by formulx analogous to those in Art. 238, as indeed 
might have been expected. 
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a The reader should compare these with the corresponding for- 
mule in statics. If all the forces of any system be equivalent 
to three forces X, Y, Z acting at a base point along three rect- 
angular axes together with three couples round those axes, then 
we know that the corresponding forces and couples for any other 
base point & 7, & are 

EE DG L’=L+YV€—-Zn, 

Y=, M=M+ZE -X6, 

La, N’=N+4+Xn- Yé. 


240. To find the equivalent Screw. The motion being 
given by the linear velocities (u, v, w) of some base O, and the 
angular velocities, (wz, @y, @,), find the central aais, the linear 
velocity along wt and the angular velocity round vt, ve. find the 
equivalent screw. 


Let P be any point on the central axis, then if P were chosen 
as base, the components of the angular velocity would be the 
same as at the base O. If then Q be the resultant of the angular 
velocities wz, @,, @, (Art. 233) we see that 

(1) The direction-cosines of the central axis are 

ee ae OY pene 
cosa= oO: cos 8 Q” ©8Y= 9° 

(2) The angular velocity about the central axis is 0. 

(3) The velocity of every point resolved in a direction parallel 
to the central axis is the same and equal to that along the central 
axis, See Art. 222 or Art. 236. If then V be the linear velocity 
along the central axis we have 

V=ucosa+vucosB+weosy; 
1. VO. = uaz + Voy + Wa,;. 

(4) Let (x, y, z) be the coordinates of P, ie. of any point 
on the central axis. Then the linear velocity of P is along the 
axis of rotation. Hence 

UF WyZ—WzY VOL —Wz2 _ WHWeY — Oyh 


Wy OW, Oz 

These are therefore the equations to the central axis. 

If we multiply the numerator and denominator of each of 
these fractions by wz, w,, @, respectively and add them together, 
Ud, + VO, + wo, V 

Oe +o, +o2 O° 
This ratio is called the pitch of the screw. 


we see that each fraction is = 


241. The Invariant. It follows from the third result just 
proved that whatever base be chosen and whatever be the direction 
of the axes, the quantity J = uw, + vw, + Wa; is invariable and equal 
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to VO. This quantity may therefore be called the invariant of the 
components. The resultant angular velocity 9 is also invariable 
and may be called the invariant of the rotation. 


If the motion be such that the first of these invariants is 
zero, it follows that either V=0, or Q=0. This therefore is the 
condition that the motion is equivalent to either a simple translation 
or a simple rotation. If we wish the motion to be equivalent to 
a simple rotation, we must also have wz, w,, , not ali zero. 


The corresponding invariant in statics is LX + MY + NZ= GR. 
When this vanishes, the forces are equivalent to either a single 
resultant or a single couple. 


Ex. 1. Find the invariants J and © of (1) two angular velocities w, w’; (2) two 
linear velocities v, v’; (3) an angular velocity w and a linear velocity v. The 


results are (1) [=ww’r sin 6 ; (2) n= 0); (3) I=wv cos 8, 
0? = w? + w? + 2ww’ cos 8 2=0 Q=wH 

where 6 is the angle between the axes of the constituents and r the shortest 
distance. [To prove these, we choose some convenient axes and express the values 
of the six components wu, v, W, w,, Wy, #, for the origin as base by Arts. 238, 239. 
The value of J then follows from the definition. We here take r for the axis of x 
and the axis of w for that of z The result (2) is obvious, if we compound the 
velocities. ] 


Ex. 2. The invariant J of any number of angular velocities w,, wo, &e. and 
any linear velocities v,, vo, &c. is the sum of the separate invariants of the con- 
stituents taken two and two, or written in an algebraic form 

I= wv cos P+ Two’ sin 4, 
where ¢ is the angle between the direction of any linear velocity v and the axis of 
any angular velocity w, while @ is the angle between the axes of any two angular 
velocities w, w’ and r the shortest distance. 

Taking any rectangular axes each of the six components of these motions is a 
linear function of w,, wy, &¢.; v,, v2, &e. The invariant I is therefore a quadratic 
function of the form 

iS Ay}? + Ayqwywe + &¢. + Byywyvy + Bygwyvo + &e. + C07? + Cyovyv24+ &e., 
where the coefficients are independent of the magnitudes of w,, wo, &¢., v1, Vo, Ke. 
Putting all the constituents equal to zero except each in turn we see that 4,;=0, 
&c.=0; Cy,=0, &.=0. Then putting all the constituents equal to zero except 
two in turn and comparing the results with those given in Ex. 1, we see that the 
other coefficients have the values given above. 


Ex. 3. The invariant I of two screws (w, v), (w’, v’) is 
T=ov+'v' + (wv'+0’v) cos 6+ ww'r sin 0. 


To prove this we add together the six invariants of the four constituents w, w’, 
v, v’ taken two and two together. 


242. When the motion is equivalent to a simple rotation, it 
may be required to find the axis of rotation. But this is obviously 
only the central axis under another name, and has been found 
above. 
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243. A screw motion may thus be given in two ways. We 
may have given the six components of motion, which we have 
called (u, v, w, @z, @y, @z), which also depend on the point chosen 
as base. Or it may be given by the equations to the central axis, 
the velocity V along it, and the angular velocity © round it. 


In this last case a convention is necessary to prevent confusion 
as to the directions implied by the velocities V and QO. One 
direction of the axis is called the positive direction, and the 
opposite the negative direction. Then V is taken positive when 
it implies a velocity in the positive direction. So also Q is positive 
when the rotation appears to be in some standard direction, say 
clockwise, when viewed by a person placed with his back along 
the axis, so that the positive direction is from his feet to his head. 
This of course is only the ordinary definition of a positive couple 
as given in statics. See Art. 231. 


The method of determining the positive direction of the aais 
is easy to understand, though it takes long to explain. Describe 
a sphere of unit radius with its centre at the origin, and let 
the positive directions of the axes cut this sphere in z, y, z. Let 
a parallel to the central axis drawn through the origin cut the 
sphere in LZ and L’. Let the direction-cosines of the axis be 
given say, l,m,n. Then (J, m, n) are the cosines of certain arcs 
drawn on the sphere which begin at wyz, and terminate say at L, 
while (— l, — m, — n) are the cosines of supplementary arcs which 
begin at the same points zyz, and terminate at L’, Then OL is 
the positive direction of the axis and OL’ the negative direction. 
With this understanding the angle between two axes is the angle 
between their positive directions and is determined withoutambiguity 
of sign when the actual direction-cosines of the axes are given. 


244. The position of the central amis being given, together with 
the linear velocity along it and the angular velocity rownd tt, i 
as required to find the components of the motion when the origin is 
taken as the base. 

This is of course the converse proposition to that just discussed. 

; ex—-f y-g z2-h 
Let the equation to the central axis be meee 
where (Jmn) are the actual direction-cosines of the axis. Let V be 
the linear and 2 the angular velocity. 

If (fgh) were taken as the base, the components of the linear 
velocities would be 1V, mV, ~V, and the components of the angular 
velocities would be 10, mQ, nO. Hence by Art. 238, writing —f, 
—g, —h for «, y, z, the components of the motion when the origin 
is the base point are 

u= WV —O(mh— 19), o, = 10, 
v=mV—Q(nf — 1h), oy, =mQ, 
w=nV —-QO(lg -—mf), @, =n. 
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245. Composition and Resolution of Screws. (uiven two 
screw motions to compound them into a single screw and conversely 
given any screw motion to resolve it into two screws. 


Two screws being given, let us choose some convenient base 
and axes. By Art. 244 we may find the six components of motion 
of each screw for this base. Adding these two and two, we have 
the six components of the resultant screw. Then by Art. 240 the 
central axis together with the linear and angular velocities of the 
screw may be found. 


Conversely, we may resolve any given screw motion into two 
screws in an infinite number of ways. Since a screw motion 1s 
represented by six components at any base we have in the two 


‘screws twelve quantities at our disposal. Six of these are required 


to make the two screws equivalent to the given screw. We may 
therefore in general satisfy six other conditions at pleasure. 


Thus we may choose the axis of one screw to be any given 
straight line we please with any linear velocity along it and any 
angular velocity round it. The other screw may then be found 
by reversing this assumed screw and joining it thus changed to 
the given motion. The screw equivalent to this compound motion 
is the second screw, and it may be found in the manner just 
explained. 


Or again, we may represent the motion by two screws whose 
pitches are both chosen to be zero, the axis of one being arbitrary. 
These are the conjugate axes spoken of in Art. 237. 


245a. The following method of compounding two screws is very convenient when 
the shortest distance between the axes is known in position and magnitude. 


Let (w, v), (w’, v’) represent the angular and linear velocities of the two given 
screws, (Q, V) those of the resultant screw. Then, by equating the invariants, 
QV =v + w'v’ + (wv'+w'v) cos 0+ ww’r sin 8, 
OF =? + w? + 2a’ cos 8, 
where @ is the inclination of the axes and r the shortest distance. 


We shall next show that the axis of the resultant screw intersects at right angles 
the shortest distance AA’ between the axes 
of the given screws. Since the central 
axis is parallel to the resultant of w, w’ 
transferred to any base, that axis must be 
perpendicular to AA’, Also since AA 
intersects at right angles the axes of both 
the given screws, the velocity of every 
point of Ad’ resolved along itself is zero. 
Hence, since AA’ is perpendicular to the central axis of the resultant screw, 
it must also intersect that axis. 


Lastly we shall show that the distance & of the central axis of the two screws 
from the middle point C of the shortest distance is given by 


Q2E=hr (w? — w'Y) + (wv' — w'v) sin 8, 
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where & is measured positively towards w. Let Cn be a perpendicular to the plane 
containing 4A’ and the required central axis Oz. Equating the resolved part along 
Cy of the velocity of C due to the two screws to that due to the resultant screw 
we have —QE=vsin y-v' sin 7’ —4rwcosy+4rw' cosy’, 
where y, y’ are the angles the axes AF’, A’F’ of the given screws make with the 
central axis Oz. By resolution we have 

i Q sin y =o’ sin 8, Q cos y =w +’ cos 6, 

Q sin y’=w sin 4, Q cos 7 =6'+w cos. 

The result follows by substituting for y, 7’. 


246. Examples. Ex.1. The locus of points in a body moving about a fixed 
point which at any instant have the same resultant velocity is a circular cylinder. 


Ex. 2. If radii vectores be drawn from a fixed point O to represent in direction 
and magnitude the velocities of all points of a rigid body in motion, prove that the 
extremities of these radii vectores at any one instant lie in a plane. [Coll. Exam. 

This plane is evidently perpendicular to the central axis, and its distance from O 
measures the velocity along the axis. Art. 228, Ex, 1. 


Ex. 3. The locus of the tangents to the trajectories of different points of the 
same straight line in the instantaneous motion of a body is a hyperbolic paraboloid. 

Let AB be the given straight line, CD its conjugate. The points on AB are 
turning round CD, and therefore all the tangents pass through two straight lines, 
- viz. AB and its consecutive position A’B’, and are also parallel to a plane which is 
perpendicular to CD. 


Ex. 4. Let the restraints on a body be such that it admits of two motions 
A and B, each of which may be represented by a screw motion, and let m, m’ be the 
pitches of these screws. Then the body must admit of a screw motion compounded 
of any indefinitely small rotations wdt, w’dt about the axes of these screws accom- 
panied of course by the translations mwdt, m’w'dt. Prove that (1) the locus of the 
axes of all these screws is the surface z (#?+y?)=2axy. (2) If the body be screwed 
along any generator of this surface the pitch is c+acos 20, where c is a constant 
which is the same for all generators and @ is the angle the generator makes with the 
axis of «. (3) The size and position of the surface being chosen so that the two 
given screws A and B lie on the surface with their appropriate pitch, show that only 
one surface can be drawn to contain two given screws. (4) If any three screws of 
the surface be taken and a body be displaced by being screwed along each of these 
through a small angle proportional to the sine of the angle between the other two, 
the body after the last displacement will occupy the same position that it did 
before the first. 

This surface has been called the cylindroid by Sir R. Ball, to whom these four 
theorems are due. See his Theory of Screws. 


Ex, 5. An instantaneous motion is given by the linear velocities (u, v, w) 
along, and the angular velocities (w,, w,, ,) round the coordinate axes. It is 
required to represent this by two conjugate angular velocities, one being about the 
e-f y-g9 _2-h 

[Seas eet Se aie 


arbitrary straight line 


If 2 be the angular velocity about the given axis, then 


WW, + VO, + WH h 
eT Jy tem + nto — fro : 
Q Wns Wy, We 
Us WDa, Te a 


where (1, m, n) are the actual direction-cosines. 


we 
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The equations to the conjugate axis are 


a y, 2 |=W+mv+nw, x, y, 2 \=(f-«)ut(g-y)vt+(h-2)w. 
Wey Wy, Wy We, Wy, Ws 
Go msn ih i 10 


The first of these equations may be obtained as indicated in Art. 245. Reverse 
Q and join it to the given motion, then the invariant of this compound motion 
vanishes. If the angular velocity @ be thus supposed known, the conjugate axis 
is the central axis of the compound motion and may be found as in Art. 245. But 
if the conjugate axis be required independently of 2, we may use the second and 
third equations, 


The second equation follows from the fact that the direction of motion of any 
point on the conjugate is perpendicular to the given axis, 


The third follows from the fact that the direction of motion is also perpendicular 
to the straight line joining the point to (f, g, h). 


These general equations will be simplified if the circumstances of any problem 
permit the coordinate axes to be so chosen that some of the constants may be zero. 
Thus, if the central axis of the instantaneous motion is taken as the axis of z and 
the shortest distance between that axis and the given straight line as the axis of «, 
we have w=0, v=0, w,=0, w,=0; g=0, h=0, and l=0. The equations then 
VW, nw Zw 

=wnt+fw,m, «= — ine Y= i 
Referring to the figure of Art. 245a, f is the shortest distance OA between the 
given axis AF and the central axis OZ, and n=cosy, m=sin y where vy is the angle 
AF makes with OZ. 


become 


There is an apparent exception to these results when the given motion and the 
given axis are such that ©, as found from the first equation, is infinite. This isa 
limiting case rather than an exception. It is easy to see that both the second and 
third equations are, in this case, satisfied by substituting «=f+lt, y=g+mt, 
z=h-+nt; i.e. the conjugate axis coincides with the given axis. If 0’ be the angular 
velocity about the conjugate axis, Q and (’ are together equivalent to the resultant 
angular velocity of the given motion; it follows that Q’ is also infinite. In this 
limiting case, therefore, the motion is represented by two infinite opposite angular 
velocities about two coincident lines. 


Another limiting case is when the given axis is parallel to the central axis 
of the given motion and the invariant of the motion is not zero. In this case 
l, m, n are proportional to w,, w,, w,, and the second equation represents a plane 
at infinity. The conjugate axis is therefore at infinity and the angular velocity 
about it is zero. 


There is a third limiting case when the invariant of the given motion is zero. 
If the given motion is a simple rotation about some axis, say Oz, and the given 
axis is not.parallel to Oz and does not intersect it, Q=0 and the conjugate axis 
coincides with Oz. If the given axis is parallel to Oz or intersects it, @ may have 
any value and the conjugate axis is the resultant axis of the given rotation and the 
reversed (2. 


If the given motion is a simple translation parallel to some axis Oz and the 
given axis is not perpendicular to Oz, 2=0 and the conjugate is at infinity. If the 
given axis is perpendicular to Oz, 2 may have any value, and the conjugate axis is 
found as before; see Art. 234. 
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In discussing these limiting cases analytically, it will be convenient to choose 
the simplified form of axes described above. 


Ex. 6. If one conjugate of an instantaneous motion is at right angles to the 
central axis the other meets it, and conversely. If one conjugate is parallel to the 
central axis the other is at an infinite distance, and conversely. The invariant is 
supposed to be finite. 


Ex. 7. A body is moved from any position in space to any other, and every 
point of the body in the first position is joined to the same point in the second 
position. If all the straight lines thus found be taken which pass through a given 
point, they will form a cone of the second order. Also if the middle points of all 
these lines be taken, they will together form a body capable of an infinitesimal 
motion, each point of it along the line on which the same is situated. Cayley’s 
Report to the British Assoc., 1862. 


247, Characteristic and focus. If the instantaneous motion of a body be 
represented by two conjugate rotations about two axes at right angles, a plane can 
be drawn through either axis perpendicular to the other. The axis in the plane 
has been called the characteristic of that plane, and the axis perpendicular to the 
plane is said to cut the plane in its focus. These names were given by M. Chasles 
in the Comptes Rendus for 1843. Some of the following examples were also given 
by him, though without demonstrations. 


Ex. 1. Show that every plane has a characteristic and a focus. 


Let the central axis cut the planein O. Resolve the linear and angular velocities 
in two directions Ox, Oz, the first in the plane and the second perpendicular to it. 
The translations along Ox, Oz may be removed if we move the axes of rotation 
Ox, Oz parallel to themselves, by Art. 234. Thus the motion is represented by 
a rotation about an axis in the plane and a rotation about an axis perpendicular 
to it. It also follows that the characteristic of a plane is parallel to the projection 
of the central axis. 


Ex. 2. If a plane be fixed in the body and move with the body, it intersects 
its consecutive position in its characteristic. The velocity of any point P in the 
plane when resolved perpendicular to the plane is proportional to its distance from 
the characteristic, and when resolved in the plane is proportional to its distance 
from the focus and is perpendicular to that distance. 

Ex. 3. If two conjugate axes cut a plane in F and G, then FG passes through 
the focus. If two conjugate axes be projected on a plane, they meet in the 
characteristic of that plane. 

Ex. 4. If two axes CM, CN meet in a point C, their conjugates lie in a plane 
whose focus is C and intersect in the focus of the plane CMN. 

This follows from the fact that if a straight line cut an axis the direction of 
motion of every point on it is perpendicular to the straight line only when it also 
cuts the conjugate. 7 

Ex. 5. Any two axes being given and their conjugates, the four straight lines 
lie on the same hyperboloid. ee 

Ex. 6. If the instantaneous motion of a body be given by the linear and 
angular velocities (wu, v, w), (w,, w2, #3), prove that the characteristic of the plane 

Ax+By+Cz+D=0 
is its intersection with A (w+w 2 —w3y) +B (v +30 — @,2)+ C (w+ oy — wx) =0, 
U+ W922 — W3Y _ VT W3H — 2 WE WY — Wot 


and its focus may be found from i RB = CG ‘A 
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For the characteristic is the locus of the points whose directions of motion are 
perpendicular to the normal to the plane, and the focus is the point whose direction 
of motion is perpendicular to the plane. 

When the central axis of the instantaneous motion is the axis of z, the 
coordinates of the focus are x=pB/C, y= —pA/C, z= — D/C and the characteristic 
lies on the plane — Ay + Bx+Cp=0, where p is the pitch w/w, of the instantaneous 
motion, 


Ex. 7. The locus of the characteristics of planes which pass through a given 
straight line is a hyperboloid of one sheet; the shortest distance between the given 
straight line and the central axis being the direction of one principal diameter, 
and the other two being the internal and external bisevtors of the angle between 
the given straight line and the central axis. Prove also that the locus of the foci 
of the planes is the conjugate of the given straight line. 


Ex. 8. Let any surface 4 be fixed in a body and move with it, the normal 
planes to the trajectories of all its points envelope a second surface B. Prove that 
if the surface B be fixed in the body and move with it, the normal planes to the 
trajectories of its points will envelope the surface 4: so that the surfaces A and B 
have conjugate properties, each surface being the locus of the foci of the tangent 
planes to the other. Prove that if one surface is a quadric the other is also a 
quadric. 


Moving Axes and Huler’s Equations. 


248. It has been shown in Art. 230 that when a body is 
moving about a fixed point O the displacement in the time dé may 
be constructed by turning the body round three straight lines O4, 
OB, OC through certain angles @,dt, ,dt, o,dt. In the same way 
we may construct the displacement during the next interval dt b 
rotating the body round three other straight lines OA’, OB’, OC’ 
through certain other angles dt, dt, ; dt. If these two 
systems of axes are infinitely close and the motion of the body is 
continuous, the angular velocities w,’, &c., will differ from ,, &c., 
by infinitely small quantities. The axes of reference are then 
called moving axes. It should be noticed that w,dt measures the 
angle of rotation round Oz, not relatiwely to the moving plane 
which contains OA and OC, but with reference to some plane fimed 
m space passing through the instantaneous position of OC. 


249. Let Ox, Oy, Oz be the rectangular axes fixed in space 
and let wz, w,, @, be the components of the angular velocity of 
a body at the time ¢. Let OA, OB, OC be three rectangular axes 
moving about the fixed point O and let @,, @,, @, be the com- 
ponent angular velocities uf the same body at the same time. 
If these two systems of axes coincide in position at the time t, 
@, = Wz, 2 = Wy, @;= @;, but at the time ¢+dt the two systems 
will have separated and we can no longer assert that w; + dw; and 
w, + dw, are necessarily equal, 


We shall now show that tf the moving awes are fixed in the body, 
then dw,= dw, as far as the first order of small quantities. Let 
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OR, OR’ be the resultant axes of rotation of the body at the times 
t and ¢+dt, ie. let a rotation Qdt about OR bring the body into 
the position in which OC coincides with Oz at the time ¢; and 
let a further rotation Q’dt about OR’ bring the body into some 
adjacent position at the time ¢+ dt while in the same interval dt, 
OC moves into the position OC’. Then according to the definition 
of a differential coefficient 


da; =. .°0/ cos R’C’ = Ocos RC 
—— = limit 

dt at : 
dw, _ ane QY/ cos R’z — 01 cos Rz 
eae dt ; 


The angles RO and Rz are equal by hypothesis. Since OC is 
fixed in the body, it makes a constant angle with OR’ as the body 
turns round Of’, the angles R’C’ and R’z are therefore equal. 
Hence these differential coefficients are also equal. 


250. The preceding proposition is a particular case of a 
fundamental theorem in the theory of moving axes. Thos general- 
ized theorem applies not merely to angular velocities but to any 
vector or directed quantity which obeys the parallelogram-law. 


By Art. 215 the moving system of axes is turning round some 
instantaneous axis with an angular velocity which we may call 0. 
Let 0,, @,, 0; be the components of 0 
about the axes OA, OB, OC. Then in 
the figure @, represents the rate at 
which any point in the circular are BC 
is moving along that arc, 6, is the rate 
at which any point of CA is moving 
along CA and so on. 

Bewrlay V5. Ve-and Vg50Viy,. Vibe °. Be 
the components of any vector with re- 
gard to the moving axes OA, OB, OC, 
and the fixed axes Ox, Oy, Oz respectively. Let a, B, y be the 
direction angles of Oz referred to OA, OB, OC; then 

V,= Vicosa+ V,cos 8+ V, cos y, 
~. V,=V,cosat V,cos B + V,cosy — Visinaé — V,sin 88 — Vysinyy. 

Let the axis Oz coincide with OC at the time t, then a=47z, 
B=47,y=0. Hence 

V,=V;—V,a—V,.£. 
Now ais the angular rate at which the axis OA is separating 
from a fixed line Oz momentarily coincident with OC, hence a= @,. 
Similarly B= —6,. Writing the theorem at full length. we have 


dV, _aV, 3 
dt i? dt =a V0, + V.0;. 


Oy--de=- Ne 
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dV,_ av, 


Similarly Pit. — dt n° V; 0; aF V0; 
dV, av, 
apes ape — Veit Vibe 


Let the vector V be the resultant angular velocity 0 of a body 
about an instantaneous axis (Art. 233) then V,=o,, V,=a@., 
V; =; while V;=@;, Vy= oy, Vz=@,. We have therefore 

d do. 
= ae == w, 0, + @0;. 

If the moving axes are fixed in the body they have the same 
instantaneous axis as the body and =; hence also 6,=@,, 
t) It follows at ieee eee 

= W.. ollows at once that "=F. 


251. As another example let a, y, z be the coordinates of some 
point G (say the centre of gravity of a moving body) referred to 
the moving axes OA, OB, OC. Let wu, v, w be the components of 
the velocity of G parallel to the same axes and X, Y, Z the com- 
ponents of the accelerations. Then since both the resultant 
velocity and the resultant acceleration are vectors or directed 
quantities 


da ‘du 

w= — ys + 262, X= a — 00s + wOs, 
dy _ dv 

v= a, — 20, + 08s, Y=, we, + u8s, 
dz dw 

w= p02 + Ys L = . — ué,-+ v0). 


These results will be useful afterwards. 


The demonstration here given of the fundamental theorem on moving axes is 
founded on the method used by Prof. Slesser in the Quarterly Journal, 1858, to 
prove w3=,. Another very simple proof is given in the chapter on moving axes 
at the beginning of Vol. 11. of this treatise. 


252. Kuler’s dynamical equations. To determine the 
general equations of motion of a body moving about a fixed point O. 

Let «, y, z be the coordinates of any particle m referred to 
axes Ox, Oy, Oz fixed in space. 

Taking moments about the axis of z we have by D’Alembert’s 
principle Xm (xij — yz) = N. 

Let w;, wy, @, be the angular velocities of the body about the 
axes, then #=o,2Z—0@,Y, Y=0,%—@,2, £= OxY — Wy & } 

1. B= 2ZWy — Y@z + Wy (@zY — WX) — &,(W,L — Wy 2), 

¥ = 20, — 2Wz + Wz (WyZ — ©zY) — Wz (@xY — Wy). 
These we shall presently substitute in the equation of moments. 
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Let @;,@:,@; be the angular velocities of the body about three 
rectangular axes OA, OB, OC fixed in the body. Let these 
coincide with the axes fixed in space at the time ¢; then @, = oz, 
@2 = Wy, O3; = Wz} @, = Wx, @, = Wy, @; = Wz, by Art. 249. 

The advantage of using axes fixed in the body is that the 
moments and products of inertia are then constants. If we choose 
as these axes of coordinates the principal axes at the fixed point, 
we have the additional simplification that all the products of 
inertia are zero. In substituting for #%, # in the equation of 
moments we may therefore omit all the terms of # which do not 
contain y and all the terms of ¥ which do not contain 2 We 


thus have =m (a + y’) @; + Ym (# — y?) @,0, = N. 


If A, B,C be the principal moments of inertia at the fixed 
point O, this becomes 


oS (4 — B) o0,=N. 


Similarly A ee (BC axe, =. B s OLD ae 


These are called Euler’s dynamical equations. 


253. We know by D’Alembert’s principle that the moment 
of the effective forces about any straight line is equal to that of 
the impressed forces. The equations of Euler therefore indicate 
that the moments of the effective forces about the principal axes 
at the fixed point are expressed by the left-hand sides of the above 
equations. If there is no point of the body which is fixed in 
space, the motion of the body about its centre of gravity is the 
same as if that point were fixed. In this case, if A, b, C' be the 
principal moments at the centre of gravity, the left-hand sides of 
Euler’s equations give the moments of the effective forces about 
the principal axes at the centre of gravity. If we want the 
moment about any other straight line passing through the fixed 
point, we may find it by simply resolving these moments by the 
rules of statics. 


Ex. 1. If 27=dw,?+ Buy? + Cw? and G be the moment of the impressed forces 


about the instantaneous axis, Q the resultant angular velocity, then oe GQ. 

Ex, 2. <A body (say the earth) turning about a fixed point is acted on by forces 
(such as the attractions of the sun or moon) which tend to produce rotation about 
an axis at right angles to the instantaneous axis, show that the angular velocity 
cannot be uniform unless either two of the principal moments of inertia at the fixed 
point are equal or the instantaneous axis always lies in a principal plane. The axis 
about which the forces tend to produce rotation is that axis about which it would 
begin to turn if the body were placed at rest. 


254. To determine the pressure on the fixed povnt. 
Let 2, y, z be the coordinates of the centre of gravity referred 
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to rectangular axes fixed in space meeting at the fixed point, and 
let P, Q, R be the resolved parts of the pressures on the body in 
these directions. Let u be the mass of the body. Then we have 


paé= P+ SmX 

and two similar equations. Substituting for # its value in terms 
of @y, Wy, @; we have 

[bw {2@y — Y@z + Wy (@zY — @yL) — Wz (@,0 — Wz2)} =P + SmX 
and two similar equations, ; 

If we now take the axes fixed in space to coincide with the 
principal axes at the fixed point at the moment under considera- 
tion we may substitute for @, and , from Euler’s equations. Hence 


é M WN 
p{o,(B+0—A) (YG+ ) — (we tose} = P+3mX—p(Fe-G y) , 


with similar expressions for Q and &. 


255. Hx. If G@ be the centre of gravity of the body, show that the terms on 
the left-hand sides of the equations which give the pressures on the fixed point are 
the components of two forces, one 2?. Gd parallel to GH which is a perpendicular 
on the instantaneous axis OJ, Q being the resultant angular velocity, and the other 
Q”. GE perpendicular to the plane OGK, where GK is a perpendicular on a line OJ 

-C C-A A-B 


Wy W. se ea Down CY —S 
A 23) B 3°19 C 


and 0/4 is the sum of the squares of these quantities, 


whose direction-cosines are proportional to 1 Woy 


256. Euler’s geometrical equations. To determine the 
geometrical equations connecting the motion of the body in space 
with the angular velocities of the body about the three moving axes, 
OA, OB, OC. 

Let the fixed point O be taken as the centre of a sphere of 
radius unity; let X, Y, Z 
and A, B, C be the points 
in which the sphere is 
cut by the fixed and 
moving axes  respec- 
tively. Let ZC, BA, pro- 
duced if necessary, meet 
in £. Let the angle 
AXZC =, Z0=0, ECA 
=. It is required to 
determine the geometri- 
cal relations between 6, 
$d, Wr, and w,, @, ws. 

Draw CN perpendi- 
cular to OZ. Then since 
y is the angle the plane 
COZ makes with a plane 
XOZ fixed in space the 
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velocity of C perpendicular to the plane ZOC is on) which 
is the same as-sin 0 ee the radius OC of the sphere being unity. 


Also the velocity of C along ZC is a Thus the motion of C is 
represented by ug and sin @ ae respectively along and perpendi- 
cular to ZC. But the motion ee C is also expressed by the angular 
velocities w, and w, respectively along BC and CA. These two 
representations of the same motion must therefore be equivalent. 


Hence resolving along and perpendicular to ZC we have 


dé : 
di = 21 910 } + @, Cos > 
sin 6 °F = — «cos 6 + asin 


Similarly by resolving along CB and CA we have 
@; = = sin d — = sin @ cos $! 


dé ts 
SMe sp+ae 


These two sets of equations are equivalent to each other and 
one may be deduced from the other by an algebraic transformation. 


In the same way by drawing a perpendicular from # on OZ we 


\ ; 


Wo sin @ sin 


may show that the velocity of H perpendicular to Z£ is ay sin ZH, 
and this is the same as OY cog 9. Also the velocity of A relative 


dt 
to E along HA is in the same way ss sin CA, and this is the 
same as ae Hence the whole velocity of A in space along AB 


is represented by a cos 0 + — But this motion is also ex- 


pressed by ;,. As before ar two representations of the same 
motion must be equivalent. Hence we have 
dy dd 
=— cos 0+ —5 
COT aN ae 
If in a similar manner we had expressed the motion of any 
other point of the body as B, both in terms of @,, @, @; and 
6, $, , we should have obtained other equations. But as we 
cannot have more than three independent relations, we should 
only arrive at equations which are algebraic transformations of 
those already obtained. 


257. It is sometimes necessary to express the angular velocities of the body 
about the fixed axes OX, OY, OZ in terms of 6, %, y. This may be effected in the 


R. D. 14 
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following manner. Let w,, w,, w, be the angular velocities about the fixed axes, 
Q the resultant angular velocity. If we impress onspace and also on the body in 
addition to its existing motion, an angular velocity equal to —Q about the resultant 
axis of rotation, the axes OA, OB, OC will become fixed, and the axes OX, OY, OZ 
will move with angular velocities —w,, —wy,, —w,. Hence, in the formule of the 
text, if we change ¢ into —y, #0 into —6, w into — @, 1, w, w3 will become - w,, 
— Wy, —,, and we have > 
do. dp 


c dé 
oe Yay sin 0 cos y, wy =F, 


where the standard figure is that shown in Art. 256. 


dp. $ _ dd dy 
COBY +a. sin 6 sin y, .=Fe cos Oa 7 


258. Ex. 1. If p, q, 7 be the direction-cosines of OZ with regard to the axes 
OA, OB, OC, show that two of Euler’s geometrical equations may be put into the 
symmetrical form 

dp d dr 

Fp ~ 493+, =0, of - rai + pas=0, ay Peet qo1=9- 
The last of these may be obtained by differentiating the last of the expressions 
p= —sin 0cos ¢, g=sin é sing, r=cos @, and substituting for dé/dt from Art. 256. 
The others may be inferred by the rule of symmetry. 


Ex.2. Prove that the direction-cosines of either set of Euler’s axes with regard 
to the other are given by the formule 


cos XA= —sinwsin ¢+cos y cos ¢ cos 6 
cos YA= cosysing+sin ycosg@cosd}> 
cos ZA=—sin 6 cos ¢ 


cos XB= — sin y cos #— cos w sin ¢ cos 6 
cosYB= cosycos¢-sinysingcosé\, 
cosZB= sing sin ¢ f 
cos XC= sin @ cos ¥ | 

cos YC= sin @ sin y a 

cosZC= cosé J 


To prove the first three, produce XY to cut AB in M, then the angle XMA=8, 
MY=y, MX=90+y, MA=90-¢. ‘To deduce the second set from the first, write 
p+4n for ¢. These results are given here for reference as they are useful in the 
higher problems of dynamics. 


259. Small oscillations. It is clear that instead of referring the motion of 
the body to the principal axes at the fixed point, as Euler has done, we may use any 
axes fixed in the body. But these are in general so complicated as to be nearly 
useless. When, however, a body is making small oscillations about a fixed point, 
so that some three rectangular axes fixed in the body never deviate far from three 
axes fixed in space, it is often convenient to refer the motion to these even though 
they are not principal axes. In this case w,, w2, w3 are all small quantities, and we 
may neglect their products and squares. The general equation of Art. 252 reduces in 
this case to Co, —Da,—Ha,=N, where the coefficients have the usual meanings 
given to them in Chap. 1. We have thus three linear equations which may be 
written thus: 


Ad,~Fé,-Eij=L, -Fé,+Bi,-Dd,=M, - Eo, - Dé, +Cd,=N. 


260. The centrifugal forces. It appears from Euler’s equations that the 
whole changes of w,, w), w, are not due merely to the direct action of the forces, 
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but are in part due to the centrifugal forces of the particles tending to carry them 
away from the axis about which they are revolving. For consider the equation 
dex N. A-B 
aia Cr Ors 


1 Wy. 


Of the increase dw, in the time dt, the part a at is due to the direct action of 


the forces whose moment is N, and the part eae 


CG @,@,dt is due to the centrifugal 


forces. This may be proved as follows. 


If a body be rotating about an axis OI with an angular velocity w, then the 
moment of the centrifugal forces of the whole body about the axis Oz is (A — B) w, wy. 

Let P be the position of any particle m, and let x, y, z be its coordinates, Then 
z=OR, y=RQ, z=QP. Let PS be a perpendicular on OJ, let OS=u, and PS=r. 
Then the centrifugal force of the particle m is w?rm tending from OI, 

The force w*7m is evidently equivalent to the four forces wm, w?ym, w?zm, and 
—w?um acting at P parallel to «, y, z, and w respectively. The moment of w2am 
round Oz is — #xym, while that of w?ym is the same with an opposite sign. The 
moment of w?zm round Oz is zero. These three therefore produce no effect. 


The force —w?um parallel to OI is 
equivalent to the three, -—ww,um, 
—ww,um, —ww,um, acting at P parallel 
to the axes, and their moment round 
Oz is evidently wum(w,y—w,x). Now 
the direction-cosines of OI being @,/w, 
@,/w, w/w, we get by projecting the 
broken line z, y, z on OJ, 


= + y+ 2 z 
Me tt Uae J R 
% 
therefore substituting for wu, the y 
moment of centrifugal forces about 
Oz is Q 


= (wy — @2@) (ot + wy +032) m, 
= (WP ay +, WoY? + Wy 2 Y% — 0 WX? — w.? LY — W302) M. 

Writing > before each term, and supposing the axes of «, y, z to be principal 

axes, then the moment of the centrifugal forces about the principal axis Oz 
= WW, DM (y? — x”) =e wo (A — B). 

Let the moments of the centrifugal forces about the principal axes of the body 

be represented by L’, I’, N’, so that 

L’=(B-C) a,0,, M’=(C-A)wsz0,, N’=(4—-B) oo, 
and let H be their resultant couple. This couple is usually called the centrifugal 
couple. 

Since L’w, + M'w,+N’w,=0, it follows that the axis of the centrifugal couple is 
at right angles to the instantaneous axis. 

Describe the momental ellipsoid at the fixed point O and let the instantaneous 
axis cut its surface in J. Let OL be a perpendicular from O on the tangent plane 
at I. The direction-cosines of OL are proportional to dw,, Bw,, Cw,. Since 
Aw, L' + Bw,M'+Cw,N’=0, it follows that the axis of the centrifugal couple is at 
right angles to the perpendicular OL. The plane of the centrifugal couple is 


therefore the plane IOL. 
14—2 
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If pk? be the moment of inertia of the body about the instantaneous axis of 
rotation, we have wk?= K/OI? as in Art. 19, and T=k?w is the Vis Viva. We may 
then easily show that the magnitude H of the centrifugal couple is H=T tan ¢, 
where is the angle IOL. 

This couple will generate an angular velocity of known magnitude about the 
diametral line of its plane. By compounding this with the existing angular 
velocity, the change in the position of the instantaneous axis may be found. 


Expressions for Angular Momentum. 


261. We may now investigate convenient formule for the 
angular momentum of a body about any axis. The importance 
of these has been already pointed out in Art. 75. In fact, the 
general equations of motion of a rigid body as given in Art. 78, 
cannot be completely expressed until these formulz have been 
found. There are two general methods of proceeding. 


First, we may refer the motion to three axes Ox, Oy, Oz fixed 
in space. To effect this we must discover some sufficiently simple 
expression for the angular momentum about a fixed straight line 
in terms of the coordinates of the body (Art. 73). We then use 
the general principle proved in Art. 78, 


ad eee momentum fora) % tes of a 
dt a fixed straight line ~ \pressed forces /* 


Secondly, we may refer the motion to some convenient system 
of rectangular moving axes. Let h,, h.,h; be the angular momenta 
about three rectangular axes OA, OB,OC. Let L, M, N be the 
moments of the impressed forces about these axes. Since momenta 


can be compounded and resolved by the parallelogram-law we have 
by Art. 250 
dh,/dt — h,0, + hs@, = L, 


dha[dt —hgO, + h,O, = M, 
dhg[dt — hy, + h,0, = N. 


262. Angular Momentum about the axis of z. The 
instantaneous motion of a body about a fixed point is given by the 
angular velocities wz, ®y, @, about three axes which meet at the 
pont, find the angular momentum about the axis of z. 


Let «, y, 2 be the coordinates of any particle m of the body, 
and wu’, v’, w’ the resolved velocities of that particle parallel to the 
axes. Then by Art. 77 the moment of the momentum about the 


axis of z is hs = Xm (av' — yw’). 
Substituting w= o,2—-@,Y, Vv =@,0—@,2 from Art. 238, we have 


hs = Xm (a? + y’) @, — (Maz) wz — (ZMyzZ) wy. 
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Similarly the angular momenta about the axes of # and y are 
h, = 2m (y? + 2) oz — (Zmay) wy — (Zm-2#z) wz, 
hy = Xm (2 + a) wy —(Zmyz) o, —(Zmyz) wz. 

Here the coefficients of wy, @,, @, are the moments and products 
of inertia about the axes which meet at the fixed point. 


263. If there be no fixed point in the body we must use all 
the six components of motion. The form of the result depends 
on the point which is chosen as the base. The form is much 
simplified by choosing the centre of gravity as the base point, 
and for the reasons given in Arts, 74, 75 this is generally the 
most convenient point. 


Let Oz be the axis about which the angular momentum is 
required, and let Ox, Oy be two other axes, thus forming a set 
of rectangular axes. Let %, ¥, Z be the coordinates of the centre 
of gravity. Let the instantaneous motion of the body be con- 
structed (as in Art. 238) by the linear velocities wu, v, w of the 
centre of gravity parallel to the axes of reference and the angular 
velocities wz, wy, w, round three parallel axes meeting at the 
centre of gravity. 


By Art. 75 the angular momentum about Oz is equal to that 
about a parallei axis through the centre of gravity regarded as 
a fixed point together with the angular momentum of the whole 
mass collected at the centre of gravity. The former of these 
has been found in the last article and the latter is obviously 
M (#v—yu). The required angular momentum is therefore 

M (%v — yu) + Xm (a + y?) @, — (2MLzZ) oy — (LMYZ) Wy. 
Here M is the whole mass of the body, and the coefficients of 
@z, @y, @, are the moments and products of inertia about axes 
which meet at the centre of gravity. 


264, Moving axes. When the axes of reference are moving 
in space, the motion of the body during any time dé is constructed 
by using the components of motion as 2f the axes were fixed for 
the moment in space. See Art, 248. In the expressions just given 
for the angular momentum the axes, regarded as fixed in space, 
may be any whatever. Let them be chosen so that any set 
of moving axes coincides with them at the time ¢. Then these 
formule will express the angular momenta about the moving . 
axes at that particular moment, whether they continue to occupy 
the same positions in space or not. The formule are therefore 
quite general and give the instantaneous angular momenta whether 
the axes are fixed or not. 


If the axes chosen are fixed in space the coefficients of Wx, Wy, 
w, in the expression for h, are generally variable and their changes 
may be governed by complicated laws. In such a case it 1s more 
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convenient to choose axes fixed in the body, and this is the choice 
made by Euler in his equations of motion, Art. 252. 


Suppose a body to be moving about a fixed point O, and 
let its instantaneous motion be given by the angular velocities 
@,, @), @; about axes Oa’, Oy’, Oz’ fixed in the body. Then the 
angular momentum about the axis of 2’ is 


hj = Co; — Ew, — Darn, 
where OC, # and D are absolute constants, viz. 
C= Xm(a?+y"), H=2ma'7, D= =my7. 
If the axes fixed in the body are principal axes, the products 


of inertia vanish. The expressions for the moments of the momen- 
tum then take the simple form 


h{=Ao,, h,=Bo,, h; =Cos, 
where A, B, C are the principal moments of the body at the 
origin supposed to be fixed in space. 


We may thus obtain a new proof of Euler's equations. Substi- 
tuting these values of the angular momenta for h,, h,, h;, in the 
equations of moving axes (Art. 261), the first becomes 


= (Ao (Boy CeCe ee, 


Since the moving axes are fixed in the body 0,= a, 0;= 3 
(Art. 250) and this equation takes the Eulerian form 


Adw,/dt —(B—C) 0; = L. 


This proof may appear to be shorter than that given in Art. 252, but the two 
proofs are really the same. Both depend on a case of the fundamental theorem 
of moving axes (Arts. 249, 250). One proof requires the substitution of %, ij, the 
other requires the equivalent substitution of wu’, v’ (Art. 262). 


265. Working rule to find the angular momenta of a moving 
body about a system of axes Ox, Oy, Oz fixed or moveable. 


Supposing the body to be turned about a fixed point O, we 
search for a system of axes Oz’, Oy’, Oz’ such that we may easily 
find the angular momenta about them. These will generally be 
some axes fixed in the body, and the angular momenta h,’, hi’, he’ 
are then given in the last article. 


Let the direction-cosines of either system of axes with regard 
to the other be given by the diagram as in Art. 


217. Then since momenta follow the parallelo- Leafs 

gram-law, the angular momentum about the axis - 

of £418 Bara a Ueetie 
hs = hy ds + he’bs + he Cs. UY.) 0, Gat 0 


The simplicity of this process depends on the | me aa 
proper choice of the subsidiary system of axes 
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Ox’, Oy’, Oz’. Generally the most convenient axes are the 
principal axes of the body at 0. In this case, we have 


3= Aw@,a; + Bobs + CoC. 


We have yet to express @,, @2, @3} d3, 3, Cz in terms of the 
coordinates of the body, Art. 73. If these coordinates are the 
Eulerian angles 6, ¢, y their Eulerian values are given at length 
in Arts. 256, 258. 


266. When the body is wniaxal, so that two principal moments 
of inertia A and B are equal, two simple expressions can be found 
Sor the angular momenta about the axes Ox, Oy, Oz. 


First. Let two of the coordinates of the body be the Eulerian 
angles 0, of the axis of symmetry. Referring to the figure of 
Art. 256, let the axes Oz’, Oz’ coincide with OF, OC; then=0 
and we see by a simple inspection of the figure that o,=— sin 6, 
w,=6. The angular momenta about O2’, Oy’, Oz’ being Aa,, Aas, 
Co, we have by a simple resolution 


=A \- sin Gp Sin B ous Boos OE 4 Csi 6 co vp, 
y= A | cos yi —sin cos 8 sin yr Vt 4 Co, sin Bsin y 


Geass OG a + Ca; cos 6. 

We might substitute for w; its value given by Euler’s third 
geometrical equation, but this would introduce d¢/dt into the 
equation, and it will generally be found more convenient to 
retain @3. 

In this way the angular momenta of a uniamal body about any 
straight lines are expressed in terms of the dvrection-angles of the 
axis of the body and the angular velocity about tt. 


Secondly, instead of the unsymmetrical coordinates 6, y we may use the direc- 
tion-cosines ¢, n, ¢ of the axis of the body. Following the rule of Art. 76 we shall 
replace the body by a system of equimomental particles. Suppose we attach to the 
axis OC one or more imaginary particles so that their united moment of inertia 
about any axis through O perpendicular to OC is equal to A. Let these particles 
move about with the axis. The motion of the axis is given by the angular velocities 
@,, w2 and therefore the angular momenta of these particles about the axes OA, OB 
are clearly dw,, dw 2. These are the same as those of the body. The angular 
momentum of the particles about OC is zero, Hence the angular momenta of the 
body about Od, OB, OC are the same as those of the particles together with 
an angular momentum Cw; about OC. It follows by the “parallelogram law” 
that the same equality holds for all axes. 

Hence the angular momentum of a uniaxal body about any axis through O is the 
same as that of one or more particles arranged along its axis of figure (so that their 
united moment of inertia about a perpendicular axis through O is equal to A) 
together with the angular momentum Cw3 about the axis of figure. 
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Let a single particle be placed on the axis of the body at a distance unity from 
the origin, Its mass is therefore represented by A.. Let (&m¢) be the coordinates 
of this particle referred to the axes a, y, z, then (éf) are also the direction-cosines 
of the axis, The angular momenta about the axes of coordinates are therefore 


d adn 
n=A (af - rz) + Cws3é, 


dé ag 
ia (0G -8F) 


If we wish to use 0, ¢, w instead of the direction-cosines é, », ¢ we write for 
£, n, ¢ their values =sin 0 cos y, n=sin @sin y, ¢=cos9. The substitution in the 
last equation is easily effected if we remember the rule in the differential calculus 
Edn-ndt=r2dy, See Art. 77, We then arrive at the same results for the angular 
momenta h;, hz, hg as before. 


If the uniaxal body is making small oscillations and the axis OC is always so 
nearly coincident with the axis Oz that we can reject the squares of 0, we have 


E=0 cosy, n=Osiny, aa, 
Wy dé 
h=—-A ae Cwsé, hg= A 7° + Cusn, hs = Cus. 


These are very simple formule for the angular momenta about the fixed axes. 


If the body is moving freely in space we use the centre of gravity instead of the 
fixed point. In this case it is convenient to attach to the axis two equal particles 
at equal distances on each side of the centre of gravity, so that the centre of 
gravity of the imaginary system is the same as that of the body. The angular 
momentum of the free body about any straight line is then the same as that of the 
system of particles together with the couple Ow; about the axis. 


Ex. 1. A body not necessarily uniaxal is turning about a fixed point O. Three 
particles are attached to the principal axes at such distances a, b, c from O that 


Ma=}(B+C-A), Mb?=}(C+A-B), Mc?=4(4+B-C). 


Prove that the angular momentum of the body about any straight line through O is 
equal to that of these particles. This follows at once from Art. 76. 


Ex. 2. A rod is constrained to remain on the surface of a smooth cone of 
revolution having its vertex at the point of suspension of the rod. Show that the 
angular motion of the rod round the axis of the cone is the same as that of a 
simple pendulum of length 3asina/sin 8 where a is the length of the rod, a the 
semivertical angle of the cone and 6 the angle the axis of the cone makes with 
the vertical. (St John’s Coll. 


To find the moments of the effective forces, collect the mass at an equimomenta 
point. To find the moments of the impressed forces collect the mass at the 


centre of gravity. Equating the moments about the axis of the cone the result 
follows at once. 


Ex, 3. A body is turning about a fixed point O and has all its principal 
moments of inertia at O equal. If 0, ¢, w be the Eulerian coordinates of the axes 
OA, OB, OC, fixed in the body, show that the angular momenta about the axes 
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fixed in space are respectively 


=A (—sin Y6+ sin @ cos ¥¢), h,=A (cos y6+sin Osin yd), hy=A (Se vcos 9 Z) ; 


267. Ex. 1. The motion of a body is given by the linear velocities (u, v, w) of 
the centre of gravity and the angular velocities (w,, wy, w,), prove that the angular 
momentum about the straight line ai vee Za is equal to 

m 


Ih, +mhy+nh3+M| 1, m, n 


f, G9, hy, 
where M is the mass of the body, h,, hy, hy have the values given in Art. 262, and 
(1, m, n) are the actual direction-cosines of the given straight line. 


This may be done by the use of the principle proved in Art. 75. The angular 
momentum about a parallel to the given axis is clearly lhj+mh,+nh,. We must 
now find the angular momentum of the whole mass collected at the centre of gravity 
round the given straight line and add these two results together. 


Referring to the figure in Art. 238, let P be the point (fgh). Let us find 
the angular momentum about a set of axes parallel to the given coordinate axes 
with P for origin. It is clear that NP produced will be the new axis of z. The 
moment of the velocity of the origin O about NP is seen to be u.MN-—v.OM, 
which is the same as ug—vf; this tends in the positive direction round NP. 
Similarly the moments of the velocities of O about the parallels to x and y will be 
vh—wg and wf—uh. If we multiply these three by (n, 1, m) respectively, we have 
the moment of the velocity of the centre of gravity about the straight line. 
Multiplying this by 17 we have the angular momentum of the mass at the centre of 
gravity. The required result follows at once. 


Ex. 2. To find the angular momentum of a body about the instantaneous axis 
and also about any perpendicular axis which intersects the instantaneous axis, 


Taking the instantaneous axis for the axis of z, we may use the expressions for 
hy, ho, hg given in Art. 262. 


In our case w,=0, w,=0, and w,=, where Q is the resultant angular velocity 
of the body. The angular momenta about the axes of x, y, z are therefore respec- 


tively b= —(2maz)Q, hy=—(Zmyz)Q,  hg=Dm (a? +-y?) Q. 


It appears therefore that the angular momentum about any straight line Ox 
perpendicular to the instantaneous axis Oz is not zero unless the product of inertia 
about those two axes is zero. 


To understand this properly we must remember that the angular velocities 
@y; Wy, @, are used merely to construct the motion of the body during the time 
dt. Referring to the figure of Art. 238, let Oz be the instantaneous axis, then the 
particle of the body at P is moving perpendicular to the plane PLO, and therefore 
the direction of its velocity is not parallel to Ox and does not intersect Ox. The 
velocity of this particle has therefore a moment about Oz, although Oz is perpen- 
dicular to the instantaneous axis. Let @ be the angle PMN, r=PM, then 


120 =ys — 2Y =I wy, — VZW,— LY Wy, 


so that the angular velocity 6 of the particle P about Ox vanishes when w,=0 and 
w,=0, only when the particle lies in either of the planes ay or yz. 
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ih : 
Ex. 3. A straight line OL turns about a fixed point O so that aN where h is 


the angular momentum of a body and N the moment of the impressed forces 
about OL. Prove that every point of OL is moving perpendicularly to the plane 
which contains it and the resultant axis of angular momentum at O. 


Ex. 4. A triangular area ACB whose mass is M is turning round the side C4 
with an angular velocity w. Show that the angular momentum about the side 
CB is };Mab sin? Cw, where « and b are the sides containing the angle C. 


Ex. 5. Two rods OA, AB are hinged together at A and suspended from a fixed 
point O. The system turns with angular velocity w about a vertical straight line 
through O so that the two rods are in a vertical plane. If 0, ¢ be the inclinations. 
of the rods to the vertical, a, b their lengths, M, M’ their masses, show that the 
angular momentum about the vertical axis is 


w((M +11’) a? sin? 6+ Mab sin 6 sin ¢+4M'b? sin? ¢]. 


Ex. 6, <A right cone, whose vertex O is fixed, has an angular velocity w com- 
municated to it about its axis OC, while at the same time its axis is set moving 
in space. The semi-angle of the cone is 47 and its altitude is h. If @ be the 
inclination of the axis to a fixed straight line Oz and y the angle the plane zOC 
makes with a fixed plane through Oz, prove that the angular momentum about 
Oz is 3 Mh? (sin? 0 GF + 8 cos 0), where M is the mass of the cone. 

Ex. 7. A rod AB is suspended by a string from a fixed point O and is moving, 
in any manner. If (1, m, n) (p, q, 7) be the direction-cosines of the string and rod 


referred to any rectangular axes Ox, Oy, Oz, show that the angular momentum 
about the axis of z is 


if z 
ue (2 S . a) MS (» 2 peu S (» dm /@ 24 a5). 


" at t ‘4 Dt ig db ved oat 
where M is the mass of the rod, and a, b are the lengths of the rod and string. 


268. As examples of the use of the expressions for the 
angular momentum of a body we shall apply them to the solution 
of two problems on the motion of a body in three dimensions. 
In these the axes of reference are fixed in space, the use of 
moving axes being reserved for the present. For further informa- 
tion we must refer the reader to the second volume where a 
whole chapter is devoted to examples and illustrations of the 


different methods of finding the motion of a body in three dimen- 
sions. 


Proptem I. A wniaxal top spins on a perfectly rough table with its axis nearly 
vertical, find the small oscillations of the top*. 


Let O be the apex, OC the axis of the top. Let C and A be the moments of 
inertia about the axis OC and any perpendicular to OC through O. Since the 
centre of gravity G of the top is in its axis, the impressed forces have no moment 
about OC. Also A=B, hence by Euler’s third dynamical equation Ca, =0. 


* The general motion of a top under the action of gravity will be considered in 
the second volume. The small oscillations of unsymmetrical and inclined tops will 
be found in that volume. A slight historical account will also be given. 
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Thus the angular velocity of a top about its axis is always the same. Let 
#,=n be this constant angular velocity. 

Let , 7, ¢ be the direction-cosines of OC referred to 
fixed axes in space, viz. Ox, Oy, Oz where Oz is vertical. 
Since the axis of the top is to be always very nearly 
vertical we have ¢=1 while é, 7 are small quantities 
whose squares will be neglected. Let 1=OG, and let 
the mass be represented by unity. 


The moments of gravity acting at G round the axes X 
of x, y are found by the usual formule 
L=yZ—-2Y= —lgn, M=2X -«Z=1gé, 
where X=0, Y=0, Z = ~g are the components of gravity. The angular momenta 


of the body about these axes are by Art. 266, 
h,= — An+Cné, hg= AE+ Cnn. 
Since these axes are fixed in space we have 
—Ant+ Cné= — gln, AE+ Cnjn=glé. 
The equation obtained by using the angular momentum about the axis of z 
merely shows over again that w, is constant, a result already deduced from Euler’s 
equations, 


To solve these we put &=P cos (ut+f), n=Q sin (ut+f); 
substituting we find 
(Ap? + gl) Q- CnuP=0, CnywQ —(Ap?+gl) P=0. 
These give Ap?+ gl= + Cn. 


It is unnecessary to take both the signs on the right-hand side. If we choose one 
sign the effect of the other sign is merely to change the sign of « and this merely 
alters the as yet undetermined constants Q and f. Without loss of generality we 
may choose the upper sign. This makes both the resulting values of u positive. 
It also gives P=Q. The values of pu are 
2Apu= Cn + (C2n? - 4gAl)2. 
Representing these two by w=, and ww. we have 
&=P, cos (u,t+f,) + Po cos (Mgt +fo), 
n= P, sin (u,t+f)) +P, sin (Myt+fo), 
where P,, P., f,, foare four constants to be determined by the initial values of &, 7, E, 7. 
Let us represent the initial values of the coordinates by the suffix zero. Then 
&)=P, cos f, + P, cos f,, — £,=P,m, sin f, +P, usin fo, 
=P, sin f, +P, sin f,, To = Py my COS f, + Po My Cos fy. 
P2 Pal =e : 
These give 1 (Py — 2) Mo Hato) ce ete ne 
Po? (My — a)? = (Mo ~ a Fo)” + (Eo + Ha 0)” 
If 6, w be the angular coordinates of the axis we have 
P= 2+ =P) + Pi? +2P; Py cos { (My — Ma) t+ fi-So}, 

OPyp = Eq — En = Py2py + PoP by + Py Po ( ty + Mg) COS {( My ~ Ma) +A —So}- 
Supposing P, and P, not to be equal we see that 6 can never vanish, i.e. the axis 
of the top can never become strictly vertical. Also y will never vanish unless 
P, Py (4, +s) is greater than P,24,+P,Pu, ie. the plane ZOC will revolve round 
OZ always in the same direction or with temporary reversions of direction according 
as P,/P, does not or does lie between s./u, and unity. 
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In order that P, =P, it is necessary that initially 
2 (fH — En) = (My + Ms) (P +77). 

This requires that ¥ should initially differ from 4(u,+ ) by small quantities of 
the order P. In this case W will keep one sign throughout the motion and the axis 
will become vertical at a constant interval equal to 27/( 4, — My). 

We have assumed that the values of u are both real and unequal. If the value 
of n be so small that the values of u are imaginary, the values of & and 7 will 
contain real exponentials. Jn this case the values of & and 7 do not in general 


remain small. This indicates that the top has not sufficient rotation about its axis . 


to keep the axis vertical. It will begin to fall away from the vertical position, but 
its subsequent motion has not been investigated here. 


If C2n?=4gAl the two values of uw are real and equal. In this case it will be 
seen that the equations are satisfied by 
E=P, cos (ut+f,) + Pat cos (ut + fo), 
n= P, sin (ut+f,) + Pot sin (ut+f). 
The original disturbance of the top has been supposed to be of the first order 
of small quantities. As time goes on the top will deviate from the vertical until ¢, 7 
become so large that their squares cannot be neglected, that is until they become 
large when compared with the original disturbance. The subsequent motion has 
not here been investigated and the axis of the top might afterwards return to the 
immediate neighbourhood of the vertical. See Vol. 1., Art. 2029. 


Ex. A uniaxal body rotates about its axis with an angular velocity n. Two 
inextensible strings are attached to two points on the axis at distances, each equal 
to b, from the centre of gravity G of the body. The other extremities of the strings 
are attached to two points fixed in space. The length of each string is a and its 
tension is 7’, The mass of the body is unity. Prove that the period 27/p of the 
linear oscillations of G is given by ap’=2T, while the periods 27/q of the angular 
oscillations of the axis are given by 4q?~— Cng=2T(a+b)b/a. [See Vol. 1., Art. 15. 


269. Prosiem II. To find the motion of a sphere on a perfectly rough plane. 

Let the plane be taken as the plane of zy and let F, F’ be the frictions at the 
point of contact resolved parallel to these axes. Let X, Y be the resolved impressed 
forces which we shall suppose to act through the centre. Let a be the radius of the 
sphere, k its radius of gyration about a diameter and let its mass be unity. 

Consider the diameters parallel to the axes of x and y. The angular momenta 
about them are k?w, and k?w,. These 
directions are fixed in space, hence we 
have by Art. 78 or 261, 

°o,=F’a, 2o,= — Fa. 

a  Ifwandv be the velocities of the centre 
of gravity parallel to the axes 


y I U=X+F, Ca¥ F", 
Also since the point of contact with the 
plane does not slide U—aw=0, v+aw,=0. 
Eliminating F, F’, w, and w, we find 
Ld ee eR Se 
dt at+k? dt” a®+k2 


These are the equations of motion of a sphere moving as a particle without 
rotation on a smooth plane under the action of the same forces but reduced in the 
ratio a?/(a*+k?). Since k2=2a? we may enunciate this result as follows. 
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If a homogeneous sphere* roll on a rough fixed plane under the action of any 
Jorces whatever, whose resultant passes through the centre of the sphere, the motion 
of the centre is the same as if the plane were smooth, and all the forces were reduced 
to five-sevenths of their former value. 


Ex. 1. If the coefficient of friction is greater than 2R/Z, where R is the re- 
sultant impressed force parallel to the plane and Z the normal force, prove that 
the friction will always be sufficient to prevent the sphere from sliding. 


Ex. 2. A sphere is placed on an inclined plane sufficiently rough to prevent 
sliding, and a velocity in any direction is communicated to it. Show that the 
path of the centre will be a parabola. If V be the initial horizontal velocity of 
the centre, a the inclination of the plane to the horizon, the latus rectum will be 
14V?/5g sin a. 


Ex. 3. A homogeneous sphere rolls on a perfectly rough plane under the action 
of a force varying inversely as the square of the distance from a point in the plane 
of motion of the centre, prove that its centre describes a conic section; and if, when 
the distance of its centre from the centre of force is one-quarter of the major axis 
of its orbit, the sphere come to a smooth part of the plane, the major axis of the 
orbit will be suddenly reduced to 7/13 of its former value. (Trin. Coll. 


Ex. 4. A homogeneous sphere moves, without rotation, on a smooth horizontal 
plane, under the action of a central force such that the centre of the sphere describes 
an ellipse with the centre of force in the focus. If the sphere arrive at a part of 
the plane which is perfectly rough when the distance of its centre from the centre 
of force is 1/nth of the major axis of its orbit, show that the major axis is diminished 
in the ratio 7:5+4+2n. If the sphere come again to the smooth part of the plane 
when the distance of its centre from the focus is the same fraction as before of the 
major axis, the major axis is again diminished in the same ratio: 


Ex. 5. Two spheres equal in volume but of different masses attract each other 
according to the law of nature and roll on a rough plane. Show that they each 
describe ellipses relatively to their common centre of gravity with that point for 
a focus. 


Ex. 6. A uniform circular disc is rotating in its own plane with very large 
angular velocity about its centre O which is fixed. Prove that if a tap be given to 
the disc in a direction perpendicular to its plane, at a point A, the diameter 
through 4 will approximately describe a plane slightly inclined to the original 
position of the plane of the disc, while the diameter at right angles to it will describe 
the same plane as before. [Math. Tripos, 1903. 


270. The principal axes are generally chosen as the axes of reference because 
the moments of the effective forces for these are extremely simple. Thus the 
somewhat long equations of Art. 252 reduce to the simple Eulerian forms when 
referred to principal axes. But sometimes it is important to choose other axes 
which suit better the geometrical conditions of the problem. The discussion of 
such axes is reserved for the second volume of this treatise. But when the motion 
is steady, so that the angular velocities are constant, the unreduced equations of 
Art. 252 will sometimes take so simple a form that an easy solution can be found. 


* This theorem was given by the author as a problem in the Mathematical 
Tripos 1860; see the solutions for that year. Another demonstration is given in 
the second volume by which a corresponding theorem is obtained for the case in 
which the sphere rolls on another sphere. : 
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Ex. A heavy body is attached by two hinges to a horizontal axis about which it is 
capable of moving freely. The axis is made to rotate with a uniform angular velocity w 
about a vertical axis intersecting it in a point O. It is required to find the conditions 
that the body may be inclined at a constant angle to the vertical. 

Let the horizontal axis which is fixed in the body be taken as the axis of z. 
Then the vertical lies in the plane of wy, let it make angles @ and $2 — @ with the 
axes of « and y. The-whole system turns round the vertical with an angular 
velocity w. Hence by resolution w,=wcos 0, w,=wsin@, w,=0. Remembering 
that these angular velocities are constant, the general equation of moments of 
_ Art. 252 becomes — Imexy (w,2 — wy?) + Dm (x? — y?) w= N. 

To find N, we resolve the weight Mg parallel to the axes, then X= ~- Mg cos@, 
Y=~-Mgsind, Z=0. If (x, y, z) be the coordinates of the centre of gravity we have 
N=aY-yX. The required relation between w and @ is therefore 

w? {cos 262may — 4 sin 262m (x? — y?)} =Mg (x sin 6 --y cos 6). 

The integrals Smxy and 2m (2 —y2) can be expressed in terms of the moments 
and products of inertia of the body in the usual manner. 

Problems on steady motion may often be easily solved by a direct application of 
D’Alembert’s principle. Thus, in the problem just discussed, each element of the 
body describes with uniform angular velocity a horizontal circle whose centre is in 
the vertical axis. If 7 be the radius of this circle the effective force on the element 
is mw?r and its direction is along the radius. The body may therefore be regarded 
as being in equilibrium under the action of its weight and a system of forces acting 
directly from the vertical axis and varying as the distance from that axis. The 
equation found above may be obtained by taking moments about Oz. 


Ex. 1. If the body be pushed along the axis of z and made to rotate about the 
vertical with the same angular velocity as before, show that no effect is produced on 
the inclination of the body to the vertical. 


Ex, 2. If the body be a heavy disc capable of turning about a horizontal axis Oz 
in its own plane, show that the plane of the disc will be vertical unless k?w?>gh, 
where h is the distance of the centre of gravity of the disc from Oz and k the radius 
of gyration about Oz. 


Ex. 3. If the body be a circular dise capable of turning about a horizontal axis 
perpendicular to its plane and intersecting the disc in its cireumference, show that 
if the tangent to the disc at the hinge make an angle @ with the vertical, the angular 
velocity w is given by w*asin 0=g. 

Ex. 4. Two equal balls 4 and B are attached to the extremities of two equal 
thin rods da, Bb. The ends a and bd are attached by hinges to a fixed point O and 
the whole is set in rotation about a vertical through O as in the governor of the 
steam-engine. If the mass of the rods be neglected show that the time of rotation is 
equal to the time of oscillation of a pendulum whose length is the vertical distance 
of the centre of either sphere below the hinges at O. 


Ex. 5. If in the last example m be the mass of either thin red and M that 
of either sphere, J the length of a rod, r the radius of a sphere, h the depth of either 
h M (l+r)2+4me2 


centre below the hinge, then the length of the dul i = ae 
: 8 ee bee aE (Ler) dm 


ON FINITE ROTATIONS. 


271. When the rotations to be compounded are finite in magnitude, the rule 
to find the resultant is somewhat complicated. As already mentioned in Art. 229 
such rotations are not very important in rigid dynamics. We shall therefore only 
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briefly mention a few propositions which may throw light on those already discussed 
when the motion is infinitely small. We begin with the proposition corresponding 
to the parallelogram of angular velocities. 


Rodrigues’ Theorem. 4A body has two rotations, (1) a rotation about an axis 
OA through an angle 0; (2) a subsequent rotation about an axis OB through an angle 
8’, and both these axes are fixed in space. It is required to compound the rotations. 


Let lengths measured along OA, OB represent the directions of these rotations 
in the manner explained in Art. 231. 


Let the directions of the axes OA, OB cut a sphere whose centre is at O in A 
and B. On this sphere measure the angle BAC equal to 44 in a direction opposite 
to the rotation round OA and also 
the angle ABC equal to 46’ in the 
same direction as the rotation 
round OB, and let the arcs inter- 
sect in C. Lastly, measure the 
angles BAC’, ABC’ respectively 
equal to BAC, ABC, but on the 
other side of AB. 


The rotation @ round O4 will 
then carry any point P in OC into 
the straight line OC’, and the sub- GE 
sequent rotation 6’ about OB will 
earry the point P back into OC. Thus the points in OC are unmoyed by the 
double rotation and OC is therefore the axis of the single rotation by which the 
given displacement of the body may be constructed. The straight line OC is called 
the resultant axis of rotation. If the order of the rotations were reversed, so 
that the body was rotated first about OB and then about OA, the resultant axis 
would be OC’. 

If the axes OA, OB were fixed in the body, the rotation @ about OA would bring 
OB into a position OB’. Then the body may be brought from its first into its 
last position by rotations 6, 6’ about the axes OA, OB’ fixed in space. Hence the 
same construction will again give the position of the resultant axis and the rotation 
about it. 


271 a. To find the magnitude 6” of the rotation about the resultant axis OC we 
notice that if a point P be taken in OA, it is unmoved by the rotation @ about O4, 
and the subsequent rotation 0’ about OB will bring it into the position P’, where PP’ 
is bisected at right angles by the plane OBC. But the rotation 6” about OC must 
give P the same displacement, hence in the standard case 0” is twice the external 
angle between the planes OCA, OCB. If the order of the rotations be reversed, 
the rotation about the resultant axis OC’ would be twice the external angle at C’, 
which is the same as that at C. So that though the position of the resultant axis 
of rotation depends on the order of rotation the resultant angle of rotation is 
independent of that order. 


272. A rotation represented by twice any internal angle of the spherical 
triangle ABC is equal and opposite to that represented by twice the corresponding 
external angle. For since the sum of the internal and external angles is 7, these 
two rotations only differ by 27; and it is evident that a rotation through an angle 
Qn cannot alter the position of any point of the body. This is merely another way 
of saying that when a body turns about a fixed axis it may be brought from one 
given position to another by turning the body either way round the axis. 
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273. The rule for compounding finite rotations may be stated thus: 


If ABC be a spherical triangle, a rotation round OA from C to B through twice 
the internal angle at A, followed by a rotation round OB from A to C through twice 
the internal angle at B, is equal and opposite to a rotation round OC from B to A 
through twice the internal angle at C. 


It will be noticed that the order in which the axes are to be taken as we travel 
round the triangle is opposite to that of the rotations. 


We observe that the sine of half the angle of rotation about each axis 1s pro- 
portional to the sine of the angle between the other two axes, 


As the demonstrations in Art. 271 are only modifications of those of Rodrigues, 
we may call this theorem after his name. Rodrigues’ paper may be found in the 
fifth volume of Liowville’s Journal. 


Ex. If two rotations 6, 6’ about two axes OA, OB at right angles be com- 
pounded into a single rotation ¢ about an axis OC, then 


tan COA=tan $0’ cosec $6, tan COB=tan 46 cosec 46’, and cos}p=cos 40 coshé’. 


274, Sylvester’s Theorem. [rom Rodrigues’ theorem we may deduce 
Sylvester’s theorem by drawing the polar triangle A’B’C’. Since a side B/C’ is 
the supplement of the angle 4, a rotation represented in direction and magnitude 
by 2B’C’ differs from that represented by 24 in the opposite direction by a rotation 
through an angle 27. Buta rotation through 27 cannot alter the position of the 
body, hence the two rotations 2B’C’ and 24 are equivalent in magnitude but opposite 
in direction. If therefore A’B’C' be any spherical triangle, a rotation represented 
by twice B’C followed by a rotation twice C'A’' produces the same displacement of the 
body as a rotation twice B’A’. By a rotation B’C’ is meant a rotation about an axis 
perpendicular to the plane of B’C’ which will bring the point B’ to C’. 


275. The following proof of the preceding theorem was given by Prof. Donkin 
in the Phil. Mag, for 1851. Let ABC be any triangle on a sphere fixed in space, 
aBy a triangle on an equal and concentric 
sphere moveable about its centre. The sides 
and angles of aBy are equal to those of ABC, 
but differently arranged, one triangle being 
the inverse or reflection of the other. If the 
triangle aBy be placed in the position I, so 
that the sides containing the angle a may be 
in the same great circles with those contain- 
ing A, it is obvious that it may slide along AB 
into the position II, and then along BC into 
the position III; into which last position it 
might also be brought by sliding along AC. 
To slide aBy along AB is equivalent to 
moving 6 and a each through an arc twice 
the are AB about an axis perpendicular to 
the plane of AB. A similar remark applies when the triangle slides along BC or AC. 
Hence, twice the rotation AB followed by twice the rotation BC produces the same 
displacement as twice the rotation AC. 


276. Rotation Couples. If it be required to compound the rotations about 
two parallel axes, the construction of Rodrigues requires only a slight modification. 
Instead of arcs drawn on a sphere, let planes be drawn through the axes making 
with the plane containing the axes the same angles as before; their intersection will 
be the resultant axis. One case deserves notice. If @= — 6’, the resultant axis is at 
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an infinite distance. A rotation about an axis so situated is evidently equivalent to 
a translation. It follows that a rotation 6 about any axis OA followed by an equal 


and opposite rotation about a parallel axis O'B is equivalent to a translation t in 
some fixed direction. 


Supposing the rotation about OA to precede that about O’B, we may apply the 
theorem to any point on the axis OA. Since this point is not moved by the rotation 
about that axis, it is evident that the translation t must be equal to and coincide with 
the chord of the are described by A when the system is rotated about O'B. The 
translation is therefore equal to 2a sin 46 and its direction makes an angle 4 (7 — @) 
with the plane containing the axes OA and O’B; see Art. 27la. 

We call to mind a corresponding theorem already proved in Art. 223. A rotation 
6 about an axis OA is equivalent to an equal rotation about a parallel axis O'B 
together with a translation. By the same reasoning as before we see that this 
translation is equal to and coincides with the chord of the are described by B 
when the system is turned round OA. In the same way, the translation, when 
reversed, is equal to the chord of the are described by 4 when the system is turned 
round O’B. 


276a. A simple analytical proof can be given of these theorems. Let a plane 
intersecting the axes at right angles be called the plane of xz. Let (r, $), («, z) be 
the polar and Cartesian coordinates of any point P in this plane referred to the 
point of intersection A as origin and AB as axis of z. The rotation @ round 4 will 
bring P into a position P’ whose coordinates are (2’, 2’). Then 


x’ =r cos (0+ ¢)=a cos @—z sin 8, 

z’=r sin (0+ ¢)=a sin 0+2 cos 0. 
Thus x’, z' are linear functions of x, z. The rotation — @ round B will bring P’ into 
the position P’” and we have 

a!’ —a=(a'—a)cosé+z2’ sind, 2”=—(«#'—a)sin8+2' cos é. 
Eliminate (a’, z’) and we find 
a’=x2+2asin?40, 2”’=z2+2asin46cos30. 

The point P may therefore be moved to P” by a translation ¢= 2a sin 40 in a direction 


making an angle 4 (7-0) with the axis of , The other theorem may be proved in 
the same way. 


277. Conjugate Rotations. Any given displacement of a body may be repre- 
sented by two finite rotations, one about any given straight line and the other about 
some other straight line which does not necessarily intersect the first. When a dis- 
placement is thus represented, the axes are called conjugate axes and the rotations 
are called conjugate rotations. 


Let OA be the given straight line, and let the given displacement be represented 
by a rotation ¢ about a straight line OR and a translation OT. We wish to resolve 
this rotation about OR into two rotations, one about OA to be followed by a rotation 
about OB, where OB is some straight line perpendicular to OT. To do this we 
follow the rule in Art. 271, we describe a sphere whose centre is O and radius 
unity and let it intersect OA, OR, OT in 4, R and 7. Make the angle ARB equal 
to the supplement of 4¢, and produce RB to B so that TB=}7, and join AB. By 
the triangle of rotations the rotation ¢ is now represented by a rotation about OA 
which we may call 6, followed by a rotation about OB which we may call 6’. 


By Art. 276 the rotation 0’ is equivalent to an equal rotation 6’ about a parallel 
axis CD, together with a translation, which may be made to destroy the translation 
OT. This will be the case if the angle OZ’ makes with the plane of OB, CD be 


i, 1D 15 
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3, (7 — 6’) on the one side or the other of OT according to the direction of the rotation, 
and if the distance r between OB, CD be such that 2r sin $6’ is equal to the trans- 
lation OT. The whole displacement has thus been reduced to a rotation 6 about OA 
followed by a rotation 0’ about CD. 


278. Composition of Screws. Any two successive displacements of a body may 
be represented by two successive screw motions. . It is required to compound these. 


Let the body be screwed first along the axis OA with linear displacement a and 
angle of rotation @ measured as in Art. 271, and secondly along the axis CD with 
displacement a’ and angle 6’. Let OC be the shortest distance between OA and CD, 
and for the sake of the perspective let it be called the axis of y. Let O be the 
origin and let the axis of x 
be parallel to CD, so that 
OA lies in the plane of zz. 
Let OC=r, and the angle 
AOx=a. Draw a plane cOT 
making with the plane of xz 
an angle 46’, and let it cut 
yz in OT. Draw another 
plane AOR making with xz 
an angle 46, and cutting the 
plane OT in OR. 

Produce AO to a point P, 
not marked in the figure, 
so that PO=a, and let us 
choose P as a base point to 

D which the whole displace- 
ment of the body may be 
referred. The rotation 6’ is equivalent to a rotation 6’ about Ox together with a 
translation along OT =2rsin}6’ by Art. 223. By Art. 271 the rotation 6 about OA 
followed by 6’ about Oz is equivalent to a rotation Q about OR where © is twice the 
angle ART, so that sin }Q= — cos 30 cos$6’+sin $4 sin 40’cosa. The whole dis- 
placement is now represented by (1) a translation of the base point P to O, (2) the 
rotation Q, (3) a further linear translation which is the resultant of the translations 
2r sin 46’ along OT and a’ along Ox. By Art. 219 these displacements may be 
made in any order, being all connected with the same base point. They may 
therefore be compounded into a single screw by the rule given in Art. 225, This is 
called the resultant screw. A screw equal and opposite to the resultant screw will 
bring the body back to its original position. 


The angle of rotation of the resultant screw is Q and its axis is parallel to OR 
by Art. 220. It follows by Art. 271 that the sine of half the angle of rotation of 
each screw is proportional to the sine of the angle between the axes of the other 
two screws. 

To find the linear displacement along the axis of the resultant screw, we must 
by Art. 222 add together the projections on OR of the three displacements OT, a, a’. 
The projection of O7 =2rsin 40’ cos TR=2r cos Ty.cos TR, which is twice the 
projection of the shortest distance r on the axis of rotation. If T be the linear 
displacement, we have [=2rcos Ry+acos RA +a’ cos Ra. 


279. IPf the component screws are simple rotations, we have a=0, a’=0, and it 
may be shown without difficulty that 7 sin }Q=2r sin $0sin46’sina. It has been 
shown in Art. 277 that any displacement may be represented by two conjugate 
rotations in an infinite number of ways, but it now follows that in all these 
r sin $0, sin 36’ sina is the same. When the rotations are indefinitely small, and 
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equal to wdt, w'dt respectively, this becomes }rww’ (dt)?sina; that is, the product of 
an angular velocity into the moment of its conjugate angular velocity about its axis 
is the same for all conjugates representing the same motion. 


Ex. If the component screws be simple finite rotations, show that the equations 
of the axis of the resultant screw are 
—xtan¢’+y sin $6’+zcos}6'=rsin36’, ycos} 6’ —zsin40’=r sin 46’ cos ¢’ cot 4Q, 
where ¢’ is the angle eOR and Q is the resultant rotation. The first equation 
expresses the fact that the central axis lies in a plane which bisects at right angles 
a straight line drawn from O perpendicular to OR in the plane xOR to represent the 
linear translation in that direction. The second expresses the fact that the central 
axis lies in a plane parallel to TOR at a distance from it determined by Art. 225. 


280. The Velocity of any Point. The formule corresponding to those given 
in Art. 238 for infinitely small motions are rather more complicated. 


A displacement of a body is given by a rotation through a finite angle 6 about 
an axis OI passing through the origin whose direction-cosines are (l,m, n). It is 
required to find the changes produced in the coordinates (x, y, 2) of any point P. 


Instead of displacing the body, it is more convenient to rotate the axes of co- 
ordinates in the opposite direction through an equal angle @ about the same axis OI. 
The problem is then seen to be the converse of that discussed in Art. 217. 


Let the axes Ox, Oy, Oz after this rotation take the positions Ox’, Oy’, Oz’; 
let the new coordinates of P be w’=x+ 6x, y’=y+ dy, 2’ =z+6z. Leta, B, y be the 
direction angles of OJ referred to either system of axes. 


Let these axes intersect the surface of a sphere of unit radius in A, B, C; A’, B’, C’. 
Then by projections 
a’=x cos AA’+y cos BA’+zc08 CA’. 


From the spherical triangle JAA’, sin} AA’=sinasin}@. From the two spherical 
triangles BIA, BIA’, we have ? 
: ‘ C. Cc 
0=cos acos8+sin a sin B cos Z, 
cos BA’=cos a cos8+sin asin B cos (Z +6), 
where Z=BIA. Remembering that l=cosa, 
m=cos B, n=cos y, the first gives tan Z = —n/lm, 
and the second gives 
cos BA’=Im — Im (cos 8 — tan Z sin 0) 
=sin 0(-n+lmtan $6). B A. 
Similarly, by changing the sign of @, we have 
cos CA’=sin 6 (m+n tan 3 8) ; 
. cosec O6a= —x tang0+mz—ny+ltan $6 (la+my+nz) ......... (1), 
with similar expressions for dy, dz. 


RB' 


If the origin have a linear displacement whose resolved parts parallel to the axes 
Ox, Oy, Oz are a, b, c, we must add these to the values of dx, dy, dz. 


280a. The central axis. Supposing that the displacement is given by a trans- 
lation (a, b, c) and a rotation 6 about the axis (l, m, n) the equations of the central 
axis follow without difficulty. The required axis is parallel to OI (Art. 225) and 
the translation along it is equal to the projection of the translation of the origin 
(Art. 222). Any point on the central axis must therefore satisfy the equations 
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If (f, g, h) be the coordinates of the foot of the perpendicular drawn from the 
origin on the central axis we have : 
2f=a—1(al+bm+ cn) —(bn—-cm) cot £6, 
with similar expressions for g, h. The equation of the central axis then takes the 


simple form f 
cutee hee Ee (B). 
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To obtain this value of f, we write f, g, h, for x, y, z, in the expressions for 
dx, dy, 6z. Representing the right-hand side of the equation (A) by K for brevity, 
one remembering that fl+gm+hn=0, we obtain 


1K -a=(-f tan $6+mh-—ng) sin 0 


together with two similar equations. Multiplying these three equations by — tan $0, 
nm, —m respectively and adding we find 


(a — LK) tan £0 — (bn —cm)=f (1+ tan? 46) sin 6, 


which leads at once to the required value of f. 


280 b. Rodrigues’ formula. If (é, 7, ¢) are the coordinates of the middle point 
of the whole displacement of any point P we have £=x+46x, &c, The expressions 
for the component displacements then take the form 


dz=a+2 tan £0 {m (F—4c)—M (N—-Hd)} or ereceeeceneee eee (2). 


These agree with the results given by Rodrigues. To obtain these, we notice that if 
after turning the body round OJ through an angle 0, we rotate it back through the 
same angle, it will resume its former position. If therefore we write x+6z, &c. for 
x, y, 2 on the right side of equation (1) and change the sign of 0, we should get the 
same left-hand side with — dz and —@ written for dz and 9. We thus have 


cosec 0 6a = + (a+ dx) tan 404m (z+ 62) —n (y + dy) —ltan $6 {l(~@+6x)+...}. 


Remembering that léa + méy+nédz=0, because there is only a rotation, Art. 222, we 
find, by addition 
6x =2 (mg — nn) tan 30, 


where ¢;=x+46a, &c. are the coordinates of the middle of the displacement due to 
rotation alone. When the origin has a linear displacement also, represented by 
a, b, c, we include these in the values of dx, dy, 6z. Since , n, ¢ are the coordinates 
of the middle point of the whole displacement we write £;,=—4a, &c. and we then 
immediately obtain equations (2). 


Since the whole displacement of any point on the central axis is along that 
axis, & », ¢ are also the coordinates of a point on the axis. The equations of the 
central axis may therefore also be found by substituting these values of da, dy, dz 
in equation (A). 


281. By using the formule for dx, dy, dz we can find the components of the 
whole displacement of any point P due to two screw motions taken in order about 
axes (l,m, n), (U’, m’, n’) drawn ioe any points (f, g, h), (f', g’, h’). Let the 
rotations and translations be (@, v), (@’, v’). The displacement of a, y, z due to 
the first is 6a=vl+sin 6 { —t ( a +m (z—h)—n(y—g)+ltP}, where 


t=tan}@ and P=l(a—f)+m(y—g)+n(z-h), 


with similar expressions for dy, 6z. The displacements 6’x, d’y, 5’z due to the 
second screw are found by writing «+éx—/’, &c. for x, y, z; U, m’, n' for l, m, n; 
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and 6’, v’ for 6, v. Adding the two together we have the whole displacements 
Azv=6x+6'x, &c. due to both screws. There is no difficulty in the process except 
that in the general case the result is rather long. We thus arrive at three linear 
expressions for the components Az, Ay, Az of the whole displacement due to both 
screws. These are of the form Av=a+Ax+By+ Cz with similar expressions for 
Ay, Az. 


To find the central axis of the two screws we notice that the locus of points 
whose displacements are equal and parallel is a straight line parallel to the axis of 
the resultant screw, Art. 220. Putting then Av=a, Ay=b, Az=c, we have three 
linear equations, any two of which determine the ratios of a, y, z, and therefore 
give the direction-cosines of the central axis. Let these be \, u,v. The equation 
of the central axis is then 

Az Ay _ Az 


== —=ah+bu+ev. 
dr be v 


CHAPTER VI 


ON MOMENTUM 


282. THE term Momentum has been given as the heading 
of this Chapter, though it only expresses a portion of its contents. 
The object of the Chapter may be enunciated in the following 
problem. The circumstances of the motion of a system at any 
time ¢, are given. At the time # the system is moving under 
other circumstances. It is required to determine the relations 
which may exist between these two motions. The manner in 
which these changes are effected by the forces is not the subject 
of enquiry. We only wish to determine what changes have been 
effected in the time t,—%t. If the time ¢, —t be very small, 
and the forces very great, this becomes the general problem of 
impulses. This also will be considered in the Chapter. 


Let us refer the system to any fixed axes Ow, Oy, Oz. Then 
the six general equations of motion may, by Art. 72, be written in 


the form 
d?z 
Se 
mn a YZ 
d aa 
Sm (ae y Fa) =m (@Y - yX) 


Integrating these from t= ¢, to t= #,, we have 


| Sm 4 Cera 


d da\ \4 f 
| 3m (ae -v3) |, = >m [er- yX ) dt. 

Let an accelerating force F act on a moving particle m during 
any time ¢,--t,, and let this time be divided into intervals each 
equal to dt. At the middle of each of these intervals let a line 
be drawn from the position of m at that instant, to represent, at 
the same instant, the value of mF dt both in direction and mag ni- 
tude. Then the resultant of these forces, found by the rules of 
statics, may be called the whole force expended in the time t,—t. 


ty 
Thus | mZdt is the whole force resolved parallel to the axis of Z. 


to 
These equations then show that 
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(1) The change produced by any forces in the resolved part 
of the momentum of any system is equal in any time to the whole 
resolved force in that direction. 


(2) The change produced by any forces in the moment of the 
momentum of the system about any straight line is, in any time, 
equal to the whole moment of these forces about that straight line. 


When the interval t,—¢ is very small, the “whole force” 
expended is the usual measure of an impulsive force, and the 
preceding equations are identical with those given in Art. 86. 


It is not necessary to deduce these two results from the equa- 
tions of motion. The following general theorem, which is really 
equivalent to the two theorems enunciated above, may be easily 
obtained by an application of D’Alembert’s principle. 


283. Fundamental Theorem. I[/ the momentum of any 
particle of a system in motion be compounded and resolved, as if tt 
were a force acting at the instantaneous position of the particle, 
according to the rules of statics, then the momenta of all the par- 
ticles at any time t, are together equivalent to the momenta at any 
previous time t, together with the whole forces which have acted 
during the interval. 


The argument from D’Alembert’s principle may be made clearer by being put at 
greater length. If we multiply the mass m of any particle P by its velocity v, the 
product is the momentum mv of the particle. Let us represent this in direction 
and magnitude by a straight line PP’ drawn from the particle in the direction of 
its motion. For the purposes of composition and resolution this representative 
straight line (in accordance with the rules of statics) may be moved to any position 
in the line of motion; let it therefore move with the particle. If the particle be 
acted on at any instant by an external force mF, a new momentum equal to mFdt 
is generated in the time dt, This also can be represented by a straight line and 
compounded with the mv of the particle. If two particles act and react on each 
other with a force R for a time dt, two equal and opposite momenta (viz. Rdt) are 
communicated to the particles. Taking all the particles, we see that the change in 
their momenta is equal to the resultant of every mFdt which has acted on the 
system. This being true for each element of time is true for any finite interval 
t,t). Since the resultant of every mFdt has been defined to be the whole force, 
the theorem follows at once. 


In the case in which no forces act on the system, except the 
mutual actions of the particles, we see that the momenta of all 
the particles of a system at any two times are equivalent. 


The two principles of the Conservation of Linear Momentum 
and the Conservation of Areas may be enunciated as follows. 


If the forces which act on a system be such that they have no 
component along a certain fixed straight line, then the motion is such 
that the linear momentum resolved along this line is constant. 


If the forces be such that they have no moment about a 
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certain fined straight line, then the angular momentum or the 
area conserved (Art. 77) about this straight line vs constant. 


It is evident that these principles are only particular cases of 
the results proved in Art. 79. 


284. Example of a central force. Suppose that a single 
particle m describes an orbit about a centre of force 0. Let », v’ 
be its velocities at any two points P, P’ of its course. Then mv’ 
supposed to act along the tangent at P’ if reversed would be in 
equilibrium with mv acting along the tangent at P together with 
the whole central force from P to P’. If p, p’ be the lengths of 
the perpendiculars from O on the tangents at P, P’, we have, 
by taking moments about O, vp=v’p’, and hence vp is constant 
throughout the motion. Also if the tangents meet in 7’, the whole 
central force expended must act along the line 7'0, and may be 
found in terms of 2, v' by the rules for compounding velocities. 

Ex. Two particles of masses m, m’ move about the same centre of force. If 
h, h’ be the areas described by each radius vector per unit of time, prove that 
mh+mh’ is unaltered by an impact between the particles, 


285. Example of three particles. Suppose three particles 
to start from rest attracting each other, but under the action of no 
external forces. Then the momenta of the three particles at any 
instant are together equivalent to the three initial momenta and 
are therefore in equilibrium. Hence at any instant the tangents 
to their paths must meet in some point O, and if parallels to 
their directions of motion be drawn so as to form a triangle, the 
momenta of the several particles are proportional to the sides of 
that triangle. 


If there are n particles it may be shown in the same way that 
the n forces represented by mv, m’v’, &c. are in equilibrium, and 
if parallels be drawn to the directions of motion and proportional 
to the momenta of the particles beginning at any point, they will 
form a closed polygon. 


If F, F’, F” be the resultant attractions on the three particles, 
the lines of action of F, F’, F” also meet in a point. For let 
X, Y, Z be the actions between the particles m’m’, m’m, mim’, 
taken in order. Then F is the resultant of — Y and Z; F’ of —Z 
and X; F” of —X and Y. Hence the three forces F, F’, F” are 
in equilibrium*, and therefore their lines of action must meet in 
a point O’, Also the magnitude of each is proportional to the 
sine of the angle between the directions of the other two. This 
point is not generally fixed, and does not coincide with O. 


If the attraction be directly proportional to the distance, the 
two points O, O° coincide with the centre of gravity G, and are 


* This proof is merely an amplification of the following. The three forces 
I’, F’’, F", being the internal reactions of a system of bodies, are in equilibrium. 
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fixed in space throughout the motion. For it is a known proposi- 
tion in statics that, with this law of attraction, the whole attraction 
of a system of particles on one of the particles is the same as if 
the whole system were collected at its centre of gravity. Hence 
O’ coincides with G. Also, since each particle starts from rest, 
the initial velocity of the centre of gravity is zero, and therefore, 
by Art. 79, G is a fixed point. Again, since each particle starts 
from rest and is urged towards a fixed point G, it will move in the 
straight line joining its initial position with G. Hence O coin- 
cides with G. When the attraction is directly proportional to the 
distance, it is proved in dynamics of a particle, that the time of 
reaching the centre of force from a position of rest is independent 
of the distance of that position of rest. Hence all the particles of 
the system will reach G at the same time, and meet there. If 2m 
be the sum of the masses, measured by their attractions in the 
usual manner, this time is known to be $a/s/Xm. 


Similar theorems for some other laws of force are given as 
examples at the end of Art. 286qa and the solutions are briefly 
indicated. 


285a. Any three Particles. In the general problem of three mutually 
attracting particles we cannot obtain a sufficient number of first integrals to 
determine the motion. Since there are no external forces the linear momentum 
in the direction of each of three coordinate axes is constant and the three 
equations thus obtained can be again integrated. The angular momenta about 
these axes are also constant, and this principle supplies three more first integrals. 
Besides these we have the equation of vis viva. 

The investigations of Bruns, Poincaré and Painlevé have shown that no other 
first integrals which are algebraic and one valued can exist. Bruns, Acta Mathematica, 
Vol. x1.; Poincaré, Act. Math. Vol. xu. 1890, Les Méthodes nouvelles de la Mécanique 
Céleste 1892; Painlevé, Comptes Rendus 1894. 


286. Example of Lagrange’s Three Particles. Three particles whose masses 
are m, m’, m’', mutually attracting each other, are so projected that the triangle 
formed by joining their positions at any instant remains always similar to its original 
form. It is required to determine the conditions of projection”, 

The centre of gravity will be either at rest or will move uniformly in a straight 
line. We may therefore consider the centre of gravity at rest and may afterwards 
generalise the conditions of projection by impressing on each particle an additional 
velocity parallel to the direction in which we wish the centre of gravity to move. 
Let O be the centre of gravity, P, P’, P” the positions of the particles at any 
time t. Then, by the conditions of the question, the lengths OP, OP’, OP” are 
always to be proportional, and their angular velocities about O are to be equal. 
Since the angular momentum of the system about O is always the same, we have 


Myf !2 


mrn+m'r’2n + m’r’?n = constant, 


* Lagrange was the first to obtain the two solutions of this problem mentioned 
above. In the essay which gained the prize of the Academy of Sciences in 1772, he 
speaks of it as a merely curious problem, Another discussion is given by Laplace 
in Vol. 1v. Chap. vi. of the Mécanique Céleste. A list of writers on this subject is 
given in Whittaker’s report to the British Association, 1899. 
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where r, 7’, r are the distances OP, OP’, OP”, and n is their common angular 
velocity. Since the ratios 7:7’:7’” are constant, it follows from this equation 
that mr2n is constant, i.e. OP traces out equal areas in equal times. Hence by 
Newton, Section m., the resultant force on P tends towards O. 


Let p, p’, p” be the sides P’P”, P’’P, PP’ of the triangle formed by the particles, 


and let the law of attraction be (dist) Then, since the resultant attraction of 


mn 


ad 
: je 
m’, m’’ on m passes through O, supe PRO sin. PPO; 
p 


but, since O is the centre of gravity, mp” sin P’PO=m’'p' sin PPO. 


Hence either the three particles are in one straight line or p’/#tl=p’ktl, If 
k=-—1 the law of attraction is ‘(as the distance.” If k be not =—1, we have 
p’=p", and the triangle must be equilateral. 


Suppose the pariicles to be projected in directions making equal angles with 
their distances from the centre of gravity with velocities proportional to those 
distances, and suppose also the resultant attractions towards the centre of gravity 
to be proportional to those distances, then in all the three cases the same con- 
ditions will hold at the end of a time dt, and so on continually. The three 
particles will therefore describe similar orbits about the centre of gravity in a 
similar manner. 


Firstly, let us suppose that the three particles are to be in one straight line. To 
fix our ideas, let m’ lie between m and m”, and O between m and m’. Then since 
the attraction on any particle must be proportional to the distance of that particle 
from O, the three attractions, measured in the direction PP”, 


m’ m’”’ m” m m m’ 


(PP ae (PP)? (P’ Pk a (PP’)k ’ (PP”)k ole (P’P"’)k? 
must be proportional to OP, OP’, OP’. Since S=mOP=0, these two equations 
amount to but one on the whole. Let z=P’P’/PP’, so that 


OP OP’ IDI 


m +m’ (l+z2)  —m+m’z2  m+m' +m" 


F me” Fp ea nbe , 
Then we have (m +f a) (-—m+m'’z) = (“re - m) {m' +m" (1+2)}, 


which agrees with the result given by Laplace. 


In the case in which the attraction follows the law of nature k=2 and the 
equation becomes 


ma? {(1+2z)3—1} —m’ (1+2)? (1-23) —m” {(1+z)§- 2 =0. 


This is an equation of the fifth degree, and it has therefore always one real root. 
The left side of the equation has opposite signs when z=0 and z=, and hence 
this real root is positive. It is therefore always possible to project the three masses 
so that they shall remain in a straight line. Laplace remarks that if m be the sun, 
8/m' +m! 1 , 
a ors = 100 5 dB? then, 
originally, the earth and moon had been placed in the same straight line with the 
sun, at distances from the sun proportional to 1 and eee , and if their velocities 
had been initially parallel and proportional to those distances, the moon would 
have always been in opposition to the sun. The moon would have been too distant 


m’ the earth, m’” the moon, we have very nearly z= 
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to have been in a state of continual eclipse, and thus would have been full every 
night. It has however been shown by Liouville, in the Additions & la Connaissance 
des Temps, 1845, that such a motion would be unstable. Another proof is given in 
the author’s treatise on Dynamics of a Particle, 1898, Art. 412. 


The paths of the particles will be similar ellipses having the centre of gravity 
for a common focus. 


Secondly. Let us suppose that the law of attraction is ‘‘as the distance.” In 
this case the attraction on each particle is the same as if all the three particles 
were collected at the centre of gravity. Each particle will describe an ellipse 
having this point for centre in the same time. The necessary conditions of pro- 
jection are that the velocities of projection should be proportional to the initial 
distances from the centre of gravity, and that the directions of projection should 
make equal angles with those distances. 


Thirdly. Let us suppose the particles to be at the angular points of an equi- 
lateral triangle. The resultant da uae force on the particle m is 


ie wp 008 PPO + cos PPO. 


The condition that the forces on the particles should be proportional to their 
distances from O shows that the ratio of this force to the distance OP is the same 
for all the particles. Since by a property of the centre of gravity 

m’p” cos P’PO+m’'p' cos P”PO=(m+m’ +m”) OP, 
it is clear that the condition is initially satisfied when p=p’=p”. Hence, by the 
same reasoning as before, if the particles be projected in directions making equal 
angles with OP, OP’, OP” respectively, with velocities proportional to those 
distances, they will always remain at the angular points of an equilateral triangle. 
A discussion of the stability of this motion will be given in Vol. 11. of this work. 


These results may be conveniently arrived at by reducing one angular point, as 
P, of the triangle to rest. The resolved part of all the forces which act on each 
particle perpendicular to the straight line joining it to P will then be zero. The 
process is a little shorter than that given above, but does not illustrate so well the 
subject of the chapter. 


286a. Examples. Ex.1. Show that if the three particles attract each other 
according to the law of nature, the paths of the particles, when at the corners of an 
equilateral triangle, ‘are similar ellipses having O for acommon focus. Find the 
periodic time. 


Ex. 2. Three unequal particles, attracting according to the inverse kth power 
of the distance, are placed at rest at the corners of an equilateral triangle. Prove 
that they will finally meet at their common centre of gravity. 


The velocities, being zero, may be said to be proportional to the distances of 
the particles from O and to have the proper directions. Thus the Laplacian 
conditions of projection are satisfied. The particles therefore always remain at 
the corners of an equilateral triangle and these corners move directly towards the 
centre of gravity O. The three particles therefore describe straight lines and arrive 
simultaneously at O. The time t of transit is given by 

1 
J (Qu) t= pt @+D(1 — k)? i (L—y1-*) -3 dy, 
0 
where »=m+m/+m’ and p is a side of the initial equilateral triangle. This 
integral can be expressed in gamma functions by putting y!~*=z or 1/z according 
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as k is less or greater than unity. When k=3 the integration can be effected 
without difficulty. : 


Ex. 3. If the solar system consisted only of the sun, earth and moon moving 
in one plane, prove that S(#H+M)? H+(S+H+M) EMh=constant, 


where h is the rate at which a unit particle at the moon describes areas about the 
earth, and H the rate at which the centre of gravity of the earth and moon 
describes areas about the sun. 


dqH SEMA Cs 1 ) 


If the sun were fixed in space prove also that dt ~ (B+ MPP ~. 
where 1, 7’ are the distances of M and E from S, and A is twice the area of the 
triangle formed by the three bodies. (St John’s Coll., 1896. 


Let G.be the centre of gravity of the whole system, K that of H and M. Let 
w be the angular velocity in space of HM, Q that of SK. Now the area conserved 
by the whole system about G is constant, that conserved by E and M is, by Art. 75, 
(#.KE?+M.KM?)w0+(H+M) GK?Q, and that conserved by Sis S.GS?.Q, We 
have given h=HM?.w, H=SK2.Q; also the distances KE, KM, GK, GS are 
known in terms of the distances HM, SK and the masses S, H, M by the definition 
of the centre of gravity. Making these substitutions and equating the sum of the 
conserved areas to a constant, the first result follows at once. The second is 
obtained by taking moments about S and K. 


286 b. Jacobi’s theorem. Ex.1. A free system of particles moves under their 
mutual attractions only, the force function U being a homogeneous function of the 


2 
nth degree. Prove that S imR?=2 (n+2) U+2C, 


where R,, R2, &c. are the distances of the particles m,, m2, &c. from the common 
centre of gravity O and @ is a constant. If the law of attraction is the inverse 


cube prove that imR?=A + Bt+Ct. 
Vorlesungen tiber Dynamik, edited by A. Clebsch, supplementary volume, page 22. 


To prove this we have by simple differentiation 


d? (x?) dx\? ax dU 
at oe 2m (a) = 2mxz “aie 2x qa’ 
Summing this for the coordinates x, y, z and for all the particles, we have 
2 
since U is a homogeneous function ie (Zmr?) — 23mv? =2nU. 
By the principle of vis viva (Art. 138 or 350) 
mv? =2U+C, C= mv," -2U), 


where Up is the value of the force function in the initial state. Hence 
2 


& 
ae Zmr?=2 (n+ 2) U+2C. 


Now 2mr* = =mR? + (Um) (2+ y¥2+2Z"), 
but since there are no external forces d/dt is a constant, and therefore d? (%)2/dt® 


is zero. Similar results being true for ¥ and Z, the theorem to be proved follows 
at once. 


Ex. 2. Three particles attracting each other according to the inverse cube of 
the distance are placed at rest in any positions. Deduce from Jacobi’s theorem 
that an impact must occur before the time ¢ given by 4 + Ct?=0. 
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Pott 


Since the particles start from rest B=0 and C= -2U)= ape 
p 


where p is 


the side of the triangle joining the initial positions of m’, m’’. Also A is the initial 
moment of inertia of the three particles with regard to their common centre of 
gravity. We notice that A is positive and C negative and that the quadratic 
A+Ct?=0 has real roots. 


If two of the particles during the motion impinge on each other, we know by 
the equation of vis viva that their velocities will at that moment be infinite. The 
whole subsequent motion also will be affected by the impact. If this impact does 
not occur before the time given by Ct?= — A, we see that at that instant >mR?=0. 
All the particles must therefore be in contact. 


It also follows from Jacobi’s theorem that, if the law of attraction were the 
inverse cube, the present arrangement of the solar system could not be stable. 
If the roots of the equation 4+ Bt+Ct?=0 are real, an impact will occur at the 
end of a finite time. If the roots are imaginary, since 4 is a moment of inertia 
and therefore positive, C must be positive, and hence the radii vectores of some of 
the planets must be infinite when ¢ is infinite. 


Does Jacobi’s equation hold indefinitely? If we assume that when two particles 
meet they pass through each other without resistance it might be expected that 
the equation XmRk?=A4 + Bt+ Ct? would hold throughout all time. But if C is 
negative and ¢ sufficiently great the two sides have opposite signs, so that the 
equality cannot then hold indefinitely. 


The cause of this discrepancy is a certain discontinuity which occurs when the 
particles meet. When the particles m, m’ are at a very small distance x apart we 
have ultimately #?= H?/x? where H?=m-+m’. Extracting the square root we find 
a= +£H/x. When the particles are approaching each other, the negative sign must 
be given to the root because «x is positive and # negative. When the particles pass 
through each other, their distance x changes sign through zero but the instantaneous 
value of the velocity is unaltered. We must therefore give the square root the 
positive sign. Hence xa changes sign, or, which amounts to the same thing, the 
constant E is discontinuous, changing sign suddenly when the particles meet. 
Each meeting therefore marks a stage at which a new problem begins and at 
which the values of some of the arbitrary constants have to be determined afresh. 


There has been much difference of opinion on the true interpretation of the 
equations of motion at the singular points where either the velocity or the force 
is infinite. We have no space for the discussion here and must refer the reader to 
the author’s treatise on Dynamics of a Particle where also various references are 
given, Art. 465. 


287. Examples of living things. Ex. 1. A man is fastened to a vertical 
axis which can turn without friction and only the man’s arms are free. The system 
being initially at rest, explain how the man by moving his arms in space can turn 
his body round and face the other way. 

If the man move his arms in any way the whole area conserved about the axis 
is zero, Art. 283. Having placed his right hand close to his side, let the man push 
it out sideways, and then move it forward so as to describe a quarter of a horizon- 
tal circle. Let him next draw the hand inwards close to his body, thus bringing it 
back into its initial position. It is evident that each point of the arm and hand 
has described an area round the axis from right to left. The man’s body must 
therefore turn round the vertical axis from left to right through such an angle that 
the whole area described is zero. Repeating this process he can turn his body 


through any angle. 
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In this way a person standing erect on a perfectly smooth table can turn round 
a vertical axis passing through his centre of gravity and face any direction he 
may desire. 


Ex. 2. A person lies down on his back on a perfectly smooth table, explain how 
he can turn round and face the table. 

Extending one arm he hits the table with it and thus acquires angular momen- 
tum about his axis. When he has turned through two right angles, his extended 
arm or arms again strike the table, and can be used to gradually stop the motion. 
The same effect would be produced by throwing away sideways some portion of his 
dress. He might also use the method described in the last example. 


Ex. 3. Explain how it is that a cat held with its feet upwards and let go is 
found, after falling through a sufficient height, to alight on its feet. 

During the first stage of the fall the cat stretches out its hind legs almost per- 
pendicularly to the axis of the body and pulls the fore legs close to the neck. In 
this position it twists the fore part of the body through as large an angle as it can, 
the hinder part turning through a smaller angle in the opposite direction, so that 
the whole area conserved about the axis is zero, as in Ex.1. In the second phase 
of the fall the attitude of the feet is reversed, the hind legs being close to the body 
and the fore legs pushed out. The cat now turns the hind part of the body through 
the large angle, the fore part rotating through the small angle. The result is that 
both parts of the cat are turned round the axis through nearly equal angles. 


See a series of photographs of a falling cat in Nature, Nov. 22, 1894, reproduced 
from M. Marey’s paper, Comptes Rendus, ox1x, 1894. The true explanation is due 
to M. Guyon. M. Maurice Levy in the same volume puts the argument into a 
mathematical form and shows how a man placed in empty space can turn on his 
axis without initial velocity or the assistance of any external force. Also 
M. Lecornu shows how a serpent by internal motions continually repeated could 
rotate its body about its axis of length without changing its external form or 
position in space. 


Ex. 4. A person is enclosed in a light box which is placed on a rough floor. 
Show by what motions he can take advantage of the friction to move the box and 
himself any distance along the floor. 


Starting from one end he runs along the box, but not so quickly that the 
friction is insufficient to hold the box at rest. He thus moves his own centre of 
gravity and acquires momentum. Then jumping up he lifts the box off the floor 
and carries it with him. When gravity brings the box again to the floor, he 
repeats the operation. Another method is indicated in Chap. 1. Ex. 3. 


Certain Mexican seed vessels, called jumping beans, have been observed to 
move about by a series of jumps. Hach bean is found to contain a grub con- 
siderably smaller than the cavity within which it is confined. The manner in 
which the grub makes the bean jump a distance equal to two or three times the 
length of the bean has not been properly explained. See the Royal Botanical 
Society, Nov. 1894, and Chambers’s Journal, 1896. There is also a brief account in 
Nature, Nov. 19, 1896, of some recent experiments on African specimens made by 
Dr D. Sharp with the view of discovering the cause and object of these movements. 


Rix. 5. Two buckets of given weights are suspended by a fine inelastic string 
placed over a fixed pulley, and at the centre of the base of one of the buckets a 
frog of given weight is sitting. At an instant of instantaneous rest of the buckets, 
the frog leaps vertically upwards so as just to arrive at the level of the rim of its 
bucket. Prove that the ratio of the absolute length h’ of the frog’s vertical ascent 
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in space to the length h of its bucket and the time t which elapses before the frog 
again arrives at the base of its bucket are given by 
(m+ im’ + pw)? h’=2m! (m-+m’) h, m’gt?=4(m+m’) h, 
the last result being independent of the frog’s weight. 
[Walton’s problem. Math. Tripos, 1864. 

Ex. 6. Show that a person when swinging can increase the angle of vibration 
by alternately crouching at the highest point and straightening himself along the 
rope when at the lowest point. , 

Let 2a, 2b be the heights of the man when crouching and standing erect; M, m 
the masses of the swing and man, J the moment of inertia of the swing, and c the 
distance of its centre of gravity from the point of support. First the system, with 
the man crouched, descends from rest through an angle a and has an angular 
velocity w at the lowest point. Suddenly when the man stands erect, the angular 
velocity w is changed to w’. Lastly the system ascends through an angle 8. 
We therefore have 

Aw?=4gA’ sin? $a, Aw= Bo, Bo" =4 9B’ sin? $8, 
where d=I+m(l—a)?+4ma?, A’=Mc+m(l—a), and B, B’ are obtained from 
A, A’ by writing b for a. The first and third of these equations follow from the 
principle of vis viva, and the second from that of angular momentum. Hence 
sin? 38/sin?4a=AdA’/BB’. Now A’>B’ since b>a; also A>B since in swings the 
length J of the rope is usually longer than the height of the man. Hence £ is 
greater than a. 

Consider the equation dw= Bw’; each time the man straightens himself he 
decreases the moment of inertia and therefore increases the angular velocity. At 
the highest point, when the system is instantaneously at rest, no change in the 
angular velocity is made by crouching, but the moment of inertia is increased. 
By the continued repetition of these two processes the angular velocity at each 
passage through the lowest point is increased. Again, the moment of gravity is 
greater on the descending than on the ascending arc, hence from both causes the 
amplitude of the swing is increased. 


288, Sudden Fixtures. A rigid body is moving freely in 
space in a known manner. Suddenly a straight line wm the body 
becomes fixed, or has its motion changed in some given manner. 
It ts required to find the changes which occur in the motion of the 
rest of the body. 


Such problems as these are all solved by one mechanical prin- 
ciple. The change in the motion is produced by impulsive forces 
acting at points situated in this straight line. Hence, by Art. 283, 
the angular momentum of the body about the axis is the same after 
as before the change takes place. This dynamical principle supplies 
one equation which is sufficient to determine the subsequent 
motion of the body round the straight line. 

We may also use this principle in a more general case. Suppose 
we have any system of moving bodies which suddenly become 
rigidly connected together and are constrained to turn round some 
axis. Then the subsequent angular velocity about this axis may 
be found by equating the angular momentum of the system about 
this axis after the change to that before the change. 
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In applying this principle to various bodies it is convenient 
to use different methods of finding the angular momentum. The 
following list will assist the reader in choosing the method best 
adapted to each particular case. 


289. Case 1. Suppose the body to be a disc moving in any 
manner in its own plane, and let the axis whose motion is changed 
be perpendicular to its plane. This case has been already solved 
in Art. 171. 


290. Case 2. Suppose the body to be a disc turning about an 
instantaneous axis Ow in its own plane with an angular velocity . 
Let an axis Oz’ also in its own plane be suddenly fixed. 


In this case the calculation of the angular momentum is so 
simple that we may with ad- 
vantage recur to first principles. 
Let do be any element of the 

v area of the disc; y, y’ its dis- 
tances from Oz, Ox’. Then yo, 

see yo’ are the velocities of de just. 


before and just after the impact. 

eee The moments of the momentum 

4 about Ox’ just before and just 

g —__.. after are therefore yy’wdo and 

0 re y?o do. Summing these for the 

; whole area of the disc, we have 

@ Sydao = OLYy de aut. noi ee CL): 

Firstly, \et Ox, Ox’ be parallel, so that the point O is at infinity. 

Let h be the distance between the axes, then y’=y—h. Hence 
we have o' Ly?do = w {rydo — hrydc}. 

Let A, A’ be the moments of inertia of the disc about Oz, Oa’ 


respectively, ¥ the distance of the centre of gravity from Oz, M the 
mass of the disc. Then we have 
A’w' = w (A — Mhy). 

Secondly, let Ox, Oa’ not be parallel. Let O be the origin 
and let the angle #Ow’ =a, then y’=ycosa—asina. Let F be 
the product of inertia of the disc about Ox, Oy where Oy is perpen- 
dicular to Ox. Then by substitution in (1) we have 

‘wo’ =w(A cosa— F'sin a). 


Ex. 1. An elliptic area of eccentricity e is turning about one latus rectum. 
Suddenly this latus rectum is loosed and the other fixed. Show that the angular 
velocity is eee or its former value 

1+44¢? : 

Ex. 2. A right-angled triangular area ACB is turning about the side AQ, 
Suddenly AC is loosed and BC fixed. If C be the right angle, the angular velocity 
is $BC/AC of its former value. 
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Ex. 3. A rectangle ABCD has its plane vertical and its lower edge AB hori- 
zontal and fixed in space. A slight disturbance being given the rectangle turns round 
AB, but when its plane becomes horizontal the side AD is fixed and AB released. 
It then begins to turn round AD and when the plane is again vertical AB is fixed 
and AD released. Show that the final angular velocity about AB is given by the 
equation w*=27g (16a +9b)/512b2, where AB=2a and AD=2b. 


Ex. 4. A point is suddenly fixed in a lamina which is instantaneously rotating 
about any given axis in its own plane. Show that if the new instantaneous axis 
is at right angles to the former the point must lie on a hyperbola one of whose 
asymptotes is perpendicular to the given axis and the other is its conjugate with 
regard to the momental ellipse at the centre of gravity. 


291. Case 3. Let the body be turning round an instantaneous 
axis OJ with a known angular velocity w, and let some axis OJ’ 
which intersects the former in a point O be suddenly fixed. 


Let 1, m, n be the direction-cosines of OJ referred to the 
principal axes at O, and J’, m’, n’ the direction-cosines of OJ’. Then 
by Art. 264, the angular momenta about these principal axes just 
before the change are Awl, Bom, Con. The angular momentum 
about OL’ just before the change is therefore (by Art. 265) 
(All’+ Bmm'+Cnn')o. If o’ be the angular velocity of the 
body about OJ’ just after OL’ becomes fixed in space the angular 
momentum is (Al?+ Bm”? + Cn?) o'. Equating these we have w’. 


Ex.1, A solid right cone of semi-vertical angle a is rotating about a generating 
line. Suddenly another generating line is fixed, the axial planes through the 
generating lines being inclined at an angle ¢. Show that the ratio of the angular 
velocities is equal to (2+(4+n) cos) : (6+n), where n=tan? a. 

Ex. 2. When a body turns about a fixed point the product of the moment of 
inertia about the instantaneous axis into the square of the angular velocity is called 
the vis viva. Let 27 be the vis viva of the body when it is turning freely about the 
axis OJ, and 27’ its vis viva when the axis OI’ is suddenly fixed. Construct the 
momental ellipsoid at the point O, and let @ be the angle between the eccentric lines 
of the two axes OI, OI’. Prove that T’=T cos?6. It follows that the vis viva is 
always lessened by fixing a new axis, 


292. Case 4. Let the motion of the body be given by its 
components of motion u, v7, W, Wz, @y, @z, the centre of gravity 
being the base point. Let the equation to the straight line whose 


e—f Ge SED 
LS BT EF 


motion is suddenly changed be , where 1, m, n 


Vb 
are the actual direction-cosines. 


Suppose this straight line to be suddenly fixed in space. The 
angular momentum before the “fixing” is given in Arts. 263, 265, 
266. If w’ be the angular velocity about this straight line after 
the “fixing,” the angular momentum is Iw’, where J is given in 
Art. 17, Ex. 9. Equating the two values we have o’. 


293. Suppose the sudden motion forced on the straight line 
to be represented by the velocities U, V, W of some point P. on 


Reeds 16 
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the straight line, and the angular velocities 6, ¢, ~. Then the 
motion of the body may be represented by the linear velocities 
U, V, W of the same base P and the angular velocities 0+ 1, 
64+ Om, p+ Qn, where 0 is the only unknown quantity. 


The angular velocities 6, ¢, Y may be chosen in an infinite variety of ways to 
represent the given motion of the straight line, because an angular velocity about 
the straight line does not move the line itself. If 0, ¢, y have been chosen to make 
the component 16+m@+ny about the line equal to zero, and if (1, m, mn) be the 
actual direction-cosines of the straight line, then Q will be the angular velocity of 
the body about the axis just after the change. 


This quantity , whatever meaning it may have, is to be found 
by equating the angular momenta about the axis before and after 
the change. These momenta may be written down as explained in 
Art. 266. 


294. Suppose the sudden motion forced on the straight line 
to be represented by giving the velocities of two points P, P’ on 
the line. And let the required motion of the body after the change 
be represented by the components of motion w’, v', w’, wz’, @,', @7 
at the centre of gravity taken as the base. The angular momentum 
both before and after the change may be written down as already 
explained. Equating these we have the dynamical equation. The 
resolved velocities of P and P’ may be found by Art. 238 and 
equated to their given forced values. Thus we have on the whole 
six independent equations to find the six components of motion 


after the change. 


Ex. 1, An elliptic disc is at rest. Suddenly one extremity of the major axis 
and one extremity of the minor are made to move perpendicularly to the plane of 
the dise with velocities Uand V. Show that the centre of gravity will begin to move 
with a velocity equal to }(U+T7). 

Ex. 2. An elliptic disc is at rest. Suddenly one extremity of the latus rectum 
is made to move parallel to the major axis with a velocity U, while the other 
extremity is made to move perpendicularly to the plane of the disc with a velocity W. 
Show that the velocities of the centre resolved parallel to the axes of the disc are 

U — Ue W 
22 (ee) aes 

Kix. 3. A circular disc turning freely in its own plane which is vertical falls on 
another equal circular disc whose plane is horizontal and which is turning about 
a fixed vertical axis through its centre. At the moment of impact the two dises 
become rigidly connected. If the point of impact bisect a radius of the horizontal 
circle, show that the angular velocity about the fixed vertical axis is reduced one half, 


Ex. 4. Let the motion of a free body be given by the components u, v, w, 
w,, @y, @, referred to any base. Let the sudden motion given to a straight line be 
represented by the components U, V, W, 6, ¢, w referred to the same base. Then 
the relative motion is given by the components u—U, v—V, &c. Taking these 
as the given quantities, find the components of motion after the change on the 
supposition that the straight line is suddenly fixed. Let these results be w’, v’, &e. 
Then prove that the required motion is represented by the components U+w, 
V+u', &. This process of solution may be called reducing the straight line to rest. 


‘ 
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295. Case 5. In some cases, instead of a straight line, a 
single point P in the body is seized and made to move in some 
given manner. In this case the angular momentum about every 
straight line through the fixed point is unchanged. Choosing 
some three convenient axes through the point and equating the 
angular momentum about each before the change to that after 
the change we have three dynamical equations. Besides these we 
have the geometrical equations, supplied by Art. 238, expressing 
the fact that the resolved velocities of P are equal to the given 
forced velocities. In this way we may form six equations to find 
the six components of motion. 


296. Let us consider an example of this process. Suppose 
the motion of the body to be given by the components u, v, w, 
@z, My, @z, the centre of gravity being the base; and let the point 
P whose coordinates are f, g, h be suddenly fized. Let A, B, C, 
D, H, F be the moments and products of inertia of the body about 
the axes at the centre of gravity, and let accented letters represent 
the corresponding quantities for parallel axes at P. Let 0,, 0, 0, 
be the required angular velocities of the body about the axes 
meeting at P parallel to those at the centre of gravity. Then the 
equations of momenta give 

Aw,—Fa,— Ho,+M(vh—wg)= A’'O,-—F'0,- £0, 
— Fo, + Bo, — Do, + M (wf — uh) =— F’O, + B’O, — D'Q,, 
— Ho, — Do, + Cw, + M (ug — vf) =— E'0, — D'Q, + C'O,. 
It is obvious that these equations may be greatly simplified by 
choosing the axes so that one set may be principal axes. 


297. If the body be turning about an axis GJ through the 
centre of gravity G just before the point P is fixed, the terms which 
contain the velocities of the centre of gravity disappear from the 
equations. They now admit of an easy geometrical interpretation. 
The equation to the momental ellipsoid at the centre of gravity is 


AX?4+ BY?+0Z7?*—2DYZ—2EZX —2FXY = Me. 


It is therefore clear that the left-hand sides of these equations are 
proportional to the direction-cosines of the diametral plane of a 
straight line whose direction-cosines are proportional t0 (wz, @y, @:). 
In the same way if we construct the momental ellipsoid at P, the 
right-hand sides are proportional to the direction-cosines of the 
diametral plane of the axis (Q,, Qy, 2,). Thus the instantaneous 
axes of rotation, before and after P is fixed, are so related that 
their diametral planes with regard to the momental ellipsoids at G 
and P respectively are parallel. 

We may also deduce this result, without difficulty, from Art. 118. 
The motion of the body about the axis GI may be produced by 
an impulsive couple in the plane diametral to GJ with regard 


16—2 
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to the momental ellipsoid at G. Let us then suppose the body 
at rest and P fiwed, and let it be acted on by this couple. It 
follows from the same article, that the body will begin to turn 
about an axis PI’ which is such that its diametral plane with 
regard to the momental ellipsoid at P is parallel to the plane 
of the couple. 

To find the direction of the blow at P we notice that the centre 
of gravity being at rest suddenly begins to move perpendicularly 
to the plane containing it and the axis PI’. This is obviously the 
direction of the blow. 

298. Ex.1. A sphere, in ¢o-latitude 6, hung up by a point O in its surface, is in 
equilibrium under the action of gravity. Suddenly the rotation of the earth is stopped, 
it is required to determine the motion of the sphere. {Math. Tripos, 1857. 

Let G be the centre of the sphere, O its point of suspension, and a its radius. 
Let C be the centre of the earth. Let us suppose the figure so drawn that the 
sphere is moving away from the observer. Let w=angular velocity of the earth, 
then if CG=ya, the sphere is turning about an axis Gp parallel to CP, the axis of 
the earth, with angular velocity w, while the centre of gravity is moving with velocity 
pwasin 6.0. 


Let OC, Op, and the perpendicular to the plane of OC, Op be taken as the axes 
of x, y, 2 respectively, and let Q,,, Q,, Q, be the angular velocities about them just 
after the rotation of the earth is stopped. 


By Art. 295, the angular momenta about Ox, just before and just after the rota- 
tion is stopped, are equal to each other; “. Mk?wcos 0= Mk? Q,, 
where Mk? is the moment of inertia of the sphere about a diameter. 

Again, the angular momenta about Oy are equal to each other; 

— Mi*w sin 6+ Mya*w sin 0 = M (k? +a?) Qy. 

Lastly, the angular momenta about Oz are 
equal ; Ss DSBs. 

Solving these equations, we get 


— k? + pa? Hot Su 
aa =w sin @ te 


Qy = sin 8 


But Q,=wcos 6. Adding together the squares 
of 2,, Q,, Q, we have 


= 2 
P= 6)? Joos? O+ (=) sin? ol F 


where () is the angular velocity of the sphere 
about its instantaneous axis. 


Ex. 2. A particle of mass M, without ve- 
locity, is suddenly attached to the surface of 
the earth at the extremity of a radius vector making an angle @ with the axis 
of the earth. If H be the mass of the earth before the addition of M, A and CG 
its principal moments of inertia at the centre, w» the angular velocity about its 


Cc 


axis, prove that Ue EM ATES 
Se Q~"" (B+M)AC+ EMCr?c0s26’ 
a y, 
cotp=cot d+ _ : 


E * Mr? sin écos6’ 
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where Q is the initial angular velocity about an axis parallel to the axis of the earth, 
and ¢ the angle that the initial axis of rotation makes with the axis of the earth. 


Ex. 3. A regular homogeneous prism whose normal section is a regular polygon 
of nm sides rolls on a perfectly rough plane. Prove that, when the axis of rotation 
changes from one edge to another, the angular velocity is reduced in the ratio of 


2 
2+7cos—: ey le 
n n 


299. Gradual Changes. In these examples the changes 
produced in the motion were sudden, but the method of proceeding 
is the same if the changes are gradual. 


Ex. 1. A bead of mass m slides on a circular wire of mass M and radius a, 
and the wire can turn freely about a vertical diameter. Prove that, if w, Q be the 
angular velocities of the wire when the bead is respectively at the extremities of 
a horizontal and a vertical diameter, ae 1+ 2 : 

iz 

Ex, 2. If the earth gradually contracted by radiation of heat, so as to be 
always similar to itself as regards its physical constitution and form, prove that 
when every radius vector has contracted an nt» part of its length, where n is small, 
the angular velocity has increased a 2n** part of its value. 


Ex. 3. If two railway trains each of mass M were to travel in opposite 
directions from the pole along a meridian and to arrive at the equator at the same 
time, prove that the angular velocity of the earth would be decreased by 2Ma?/Ek? 
of itself, where a is the equatorial radius of the earth and Hk? its moment of inertia 
about its axis of figure. What would be the effect if one train only were to travel 
from the pole to the equator ? 


Ex. 4. A fly alights perpendicularly on a sheet of paper lying on a smooth 
horizontal plane and proceeds to describe the curve r=f (@) traced on the sheet of 
paper, the equation of the curve being referred to the centre of gravity of the paper 
as origin. Supposing the fly to be able to prevent himself from slipping on the 
paper, show that his angular velocity in space about the common centre of gravity 

(M+m)k® dé 
(M+ m) k?+ mr? dt’ 
of the paper and the fly, and k& is the radius of gyration of the paper about its 
centre of gravity. Hence find the path of the fly in space. 


where M and m are the masses 


of the paper and fly is equal to 


Ex. 5. Suppose the ice to melt from the polar regions twenty degrees round 
each pole to the extent of something more than a foot thick, enough to give 1,1; feet 
over those areas or ‘066 of a foot of water spread over the whole globe, which would 
in reality raise the sea-level by only some such undiscoverable difference as #ths of 
an inch or an inch, then this would slacken the earth’s rate as a time-keeper by 
one-tenth of a second per year. This and the next example are taken from the 
Phil. Mag. They are both due to Sir W. Thomson, now Lord Kelvin. 

If E be the mass of the earth, a its radius, k its radius of gyration about the 
polar axis, w its angular velocity before the melting, we have by the principle 

2 
of angular momentum = - ao cos 6 (1+cos 6), where M is the mass of the ice 
melted and @ is twenty degrees. Substituting for the letters their known numerical 
values, the value of dw is easily found. 


Ex. 6. A layer of dust is formed on the earth h feet thick, where h is small, by 
the fall of meteors reaching the earth from all directions. Show that the change in 
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the length of the day is nearly ae of a day, where a is the radius of the earth 


in feet, p and D the densities of the dust and earth respectively. If the density of 
the dust be twice that of water and h=-,, express this result numerically. 

Oppolzer in a paper in the Astronomische Nachrichten (No. 2573) and more 
recently H. A. Newton in the American Journal of Science, Vol. xxx. 1884, have 
considered the effects on the earth both of the impact of meteors and the gravitation 
attraction of those which pass near the earth without hitting it. Prof. R. 8. 
Woodward and Dr Johnstone Stoney have also written on this subject in the 
Astronomical Journal, July 1901 and Jan. 1902. They agree that the effect is 
inappreciable. 

Ex. 7. A spiral tube of small uniform section can turn freely about a vertical 
axis and has its two extremities on the axis. A variable quantity Q of fluid per 
second enters at its upper extremity and flows out at the lower. If M be the mass 
of the tube, m that of the fluid contained, show that (M@+m) k?w+Q{rsin dds is 
constant, where ¢ is the angle the tangent to the tube at any point P makes with 
the plane containing P and the axis and 7 is the distance of P from the axis. One 
form of this experiment was used by Maxwell to determine whether electricity had 
momentum. See Hlectricity, Vol. m, Art. 574. 

Ex. 8. A light cord passing over a smooth pulley has a mass ma attached to 
one end and a bucket to the other, while from a point vertically over the bucket is 
suspended a uniform chain of mass m per unit length. The chain is released and 
after falling freely through a distance a the lower end strikes the bucket, which is 
released at that instant, prove that whatever be the mass of the bucket, the chain 
enters it at a uniform rate ,/(2ga). [Math. Tripos, 1902. 


300. The principle of linear momentum may also be used, 
like that of angular momentum, to determine the gradual changes 
produced by alterations of mass. ‘The general theory is as follows, 


Let a body of mass M, whose resolved velocity parallel to x 
is v, be acted on by a finite force X. Let this body lose a small 
portion m=—dWM of its mass in each element of time dt. It is 
required to find its equation of motion.. In this time the force 
increases the linear momentum by Xdt, while the momentum lost 
by diminution of mass ismv. But the gain of momentum is d (Mv). 
The equation of motion is therefore 


d (Mv) = Xdt + vd M. = M@ =X......(). 


This equation may also be obtained by taking M to represent the mass of the 
body just after the loss of the element m, Then equating the two expressions for 
the gain of momentum in the next element of time, we have Mdv= Xdt. 


Next, let us suppose that the body gains a mass m=dM in 
the time dt, and let the resolved velocity of this increment just 
before it is attached to M bev’. The total gain of momentum is 
now, Xdt due to the force, and mv’ due to the impact produced by 
the sudden junction of the masses M and m with different velocities, 
The equation of motion is therefore 


d (Mv) = Xdt+v'dM ..... tA 
If v' =v this reduces to the former result. 
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According to the rule given in Art. 85 the finite force X should 
be neglected in determining the effect of an impulse. But since 
m 1s infinitely small, being equal to dM, the change of momentum 
produced by the impulse is of the same order of small quantities 
as Xdt. We must therefore include the force X in the equation. 


These principles may be illustrated by the solution of some problems on the 
rectilinear motion of strings. The curvilinear motion of strings will be discussed 
in the second volume. The reader may also consult the author’s treatise on 
Dynamics of a Particle (1898), where a slight history is given together with a 
further collection of problems set in the University. 


Ex. 1. A uniform string of length 21 hangs over a small smooth pulley 4, 
which is at a height J above an inelastic table; and to each end of the string is 
attached a mass equal to that of half the string. Initially one mass P is very near 
to the pulley, the other mass Q lying on the table with half the string coiled up 
beside it. If the upper mass be now let go, prove that the greatest height to which 
the other mass will eventually rise is £, where & is given by the equation 
&+2 log (1—23¢)=16/243. [St John’s Coll. 1896. 


There are three stages of the motion. First, P descends and successive links 
(with velocity v’=0) are taken from the heap and added to the moving chain. 
Since the mass of P is equal to that of a length J of the chain, we have, if z= AP, 

d[(#+2l) v]=xgdt. 
Multiplying by (« +21) v and integrating, we find that P arrives at the table with a 
velocity v, given by v= lg. 

At this instant there is an impact, P is reduced to rest by the table, but the 
chain and Q move. If v, be the initial velocity of @, we have 

3mlvg=2mlvi; *. Ve=F V4. 

The weight Q now ascends; and successive links are removed from the chain 
and heaped on the table. If y be the space ascended by Q, (3/—y) dv= — (l-y) gat. 
Writing dv/dt=vdv/dy and integrating, we find that the velocity v of @ is given by 

(v9? — v?)/2g =y + 21 log (1 — y/3l). 
Putting v=0 and y=1é, the result follows. 


Ex. 2. One portion of a heavy uniform string is coiled up on a table in a small 
heap A, the other portion, viz. ACB, passes over a small pulley C (which is situated 
vertically over 4) and hangs freely down on the other side of the pulley to a depth 
CB=b. If CA=a and b is greater than a, find the motion when the system starts 
from rest. [Tait and Steele’s Dynamics, 1856. 


When the length of CB is =a, the velocity is given by 
(a+a)?v?=2 9 (a — b) (a2 + ba + b? - 3a?). 


Ex. 3, A flexible chain ABCDE hangs in equilibrium over a smooth vertical 
circle with one end 4 fixed to the extremity of a horizontal diameter. One portion 
ABG hangs vertically on one side and another portion Di hangs vertically on the 
other side of the circle. If the fixed end A be set free, show that the equation for 
determining the distance (viz. y) of the lowest point of the chain from the horizontal 
diameter during the first part of the motion is 


(l-y+3gt*) §- (y-9t)?=9 (y+ 3¢), 
where J is the whole length of the string and 2c the circumference of the circle. 
[Math. Tripos, 1870. 
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Before A is set free the lengths AB, BC and DE are all equal and ABC forms a 
catenary whose parameter is zero. When 4 is set free, 4B begins first to descend. 
Each element of AB falls freely under gravity; if therefore =AB we have 
y-x=gt?. The successive elements of AB are transferred to BC each with a 
velocity v’=gt, the length of each element being —dx. Thus as BC descends and 
DE ascends the equation of motion of BODE is 

d[{(l— a) vJ=(—da) v' +g (2y+a+e-l) dt. 
Here v is the velocity of the chain BCDE and this is equal to the velocity of # 
upwards (not that of B downwards). Since DE=l-c-—x-y we have v=#+y. 
Substituting for v and v’ the result follows without difficulty. 


Ex. 4, An inelastic string of length J is attached by one end to the lower 
surface of the edge of a smooth horizontal table with a fine edge on which the rest 
of the string lies, being held taut at right angles to the edge by a force at the other 
end. If this end be set free, show that the velocity with which it will leave the 
table will be ,/{2gl (log 4—1)}. [June Exam. 


Ex. 5. A fine uniform chain is collected in a heap on a horizontal table, and to 
one end is attached a fine string which passes over a smooth pulley vertically above 
the chain and carries a weight equal to the weight of a length a of the chain. Prove 
that the length of the chain raised before the weight comes to rest is a,/(3), and 
find the length suspended when the weight next comes to rest. [May Exam. 


Ex. 6. A chain of length a is coiled up on a ledge at the top of a rough inclined 
plane and one end is allowed to slide down. Show that if the inclination of the 
plane is double the angle of friction (viz. \), the chain will be moving freely at the 

2 


end of a time t given by gt??= 6a cot 2. {[Coll. Exam. 1887. 


Ex. 7. A balloon is at a certain moment at a height h, descending with velocity 
V, and moving horizontally with a velocity V’ equal to the velocity of the wind at 
that height. If the velocity of the wind be proportional to the height, and if with 
a view of descending at a particular spot the escape of the gas be regulated so as to 
keep the velocity of descent constant, prove that a miscalculation dh in the initial 


OV {1+ 4c? —e-*(1+c)}, where 
V2c=gh. [Math. Tripos, 1871. 

Ex. 8. A spherical raindrop, descending by the action of gravity, receives 
continually by the precipitation of vapour an accession of mass proportional to its 
surface; ¢ being its radius when it begins to descend, and r its radius after the 


height will produce in the point reached an error= 


omens 

interval t, show that its velocity V is given by y=0 ( ih +< +545) , the resistance 
r 

of the air being left out of account. [Smith’s Prize Ex. 1853. 


301. The Invariable Plane. Let us represent the mo- 
mentum mv of a particle P by a straight line PP’ drawn from 
the particle in the direction of its motion; see Art. 283. By 
the rules of statics, this momentum is equivalent to an equal 
and parallel linear momentum applied at any arbitrary point 0, 
together with a couple whose moment is mvp, where p is the 
perpendicular from O on PP’. Let us represent this transferred 
linear momentum by the straight line OM, which of course is 
equal and parallel to PP’. The plane of the couple is the plane 
containing OM and P, and it may be represented in direction and 
magnitude by an axis ON perpendicular to its plane. 
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_ Taking all the particles of the system we may compound the 
linear and couple momenta of the several particles into a single 
resultant linear momentum applied at the arbitrary point 0, 
together with a single couple momentum. Let OV and OH be 
two straight lines drawn from O to represent in direction and 
magnitude these two resultants. Then these two straight lines will 
represent graphically the instantaneous momenta of the particles 
considered as one system. 


Let us refer the system to Cartesian coordinates. Since méa, 
my, mz are the resolved parts of the momentum of the particle m, 
the vector OV is the resultant of Xma, Xmy, Smz. Again, as in 
Art. 75, m (yz — zy) is the moment of the momentum of the same 
particle about the axis of # Hence OH is the resultant of the 


three couple-momenta h, = Xm (yz — 27), 
h, = Xm (zé — 2x2), 
h; = Xm (xy — ya). 

Let us now suppose that no external forces act on the system, 
so that 1t moves subject only to the mutual actions and reactions 
of its several parts. In this case, since no additional momentum 
is given to the system, the straight lines OV and OH are fixed in 
magnitude and direction throughout the motion; Art. 283. 


The resolved parts of OV and OH must be constant. It follows 
that each of the quantities h,, h., h; is constant. If we represent 
by A the angular momentum about OH, we have h? =he +h? +h, 

ed any 


The ratios she i are therefore the direction-cosines of a 


straight line (viz. OH) which is fixed throughout the motion. 


That the resolved angular momenta h,, h,, h; are constant 
follows also at once from Art. 78. Referring to the second equation 
given in that article, we see that, when the moment of the external 
forces about any straight line fixed in space is zero, the angular 
momentum about that line is constant. 


The straight line OH is called the invariable line at Ot cA. 
plane perpendicular to OH is called the invariable plane at 0. 
The straight line OH is sometimes called the resultant axis of 
angular or couple momentum at 0. 


If any straight line OL be drawn through O making an angle 0 
with the invariable line OH at O, the angular momentum about 
OL is hcos @. For the axis of the resultant momentum-couple is 
OH, and the resolved part about OL is therefore OH cos 6. Hence 
the invariable line at O may also be defined as that axis through UO 
about which the moment of the momentum 1s greatest. 


At different points of the system the positions of the invariable 
line are different. But the rules by which they are connected are 
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the same as those which connect the axes of the resultant couple 
of a system of forces when the origin of reference is varied. 
These have been already stated in Art. 235 of Chap. v., and it is 
unnecessary here to do more than generally to refer to them. 


In a memoir on the differential coefficients and determinants of lines, Mr Cohen 
has discussed some properties of these resultant lines. Phil. Trans. 1862. 


302. The position of the invariable plane at the centre of 
gravity of the solar system may be found in the following manner. 
Let the system be referred to any rectangular axes meeting in the 
centre of gravity. Let » be the angular velocity of any body about 
its axis of rotation. Let Mk? be its moment of inertia about that 
axis and (a, 8, y) the direction-angles of that axis. The axis of 
revolution and two perpendicular axes form a system of principal 
axes at the centre of gravity. The angular momentum about the 
axis of revolution is Mk?w, hence the angular momentum about 
an axis parallel to the axis of z is Mk’wcosy. The moment 
of the momentum about the axis of z of the whole mass collected 


at the centre of gravity is M(e 3 —y - , hence we have 


dy da 

=> 2 ECA ea | pena 

hs Mio cosy + XM (2 di y 

The values of h,, h, may be found in a similar manner. The 
position of the invariable plane is then known. 


303. The Invariable Plane may be used in Astronomy as 
a standard of reference. We may observe the positions of the 
heavenly bodies with the greatest care, determining the coordi- 
nates of each with regard to any axes we please. It is, however, 
clear that, unless. these axes are fixed in space, or if in motion 
unless their motion is known, we have no means of transmitting 
our knowledge to posterity. The planes of the ecliptic and the 
equator have been generally made the chief planes of reference. 
Both these are in motion, and their motions are known to a near 
degree of approximation, and will hereafter probably be known 
more accurately. It might, therefore, be possible to calculate at 
some future time what their positions in space were when any 
set of valuable observations were made. But in a very long time 
some error may accumulate from year to year and finally become 
considerable. The present positions of these planes in space may 
also be transmitted to posterity by making observations on the 
fixed stars. These bodies, however, are not absolutely fixed, and, 
as time goes on, the positions of the planes of reference can be 
determined from these observations with less and less accuracy. 
A third method, which has been suggested by Laplace, is to make 
use of the Invariable Plane. If we suppose the bodies forming our 
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system, viz. the sun, planets, satellites, comets, &c., to be subject 
only to their mutual attractions, it follows from the preceding 
articles that the direction in space of the Invariable Plane at the 
centre of gravity is absolutely fixed. It also follows from Art. 79 
that the centre of gravity either is at rest or moves uniformly in 
a straight line. We have here neglected the attractions of the 
stars; these, however, are too small to be taken account of in the 
present state of our astronomical knowledge. We may, therefore, 
determine to some extent the positions of our coordinate planes 
in space, by referring them to the Invariable Plane, as being a 
plane which is more nearly fixed than any other known plane in 
the solar system. The position of this plane may be calculated at 
the present time from the present state of the solar system, and at 
any future time a similar calculation may be made founded on the 
then state of the system. Thus a knowledge of its position cannot 
be lost. .A knowledge of the coordinates of the Invariable Plane 
is not, however, sufficient to determine conversely the position of 
our planes of reference. We must also know the coordinates of 
some straight line in the Invariable Plane whose direction is fixed 
in space. Such a line, as Poisson has suggested, is supplied by 
projecting on the Invariable Plane the direction of motion of the 
centre of gravity of the system. If the centre of gravity of the 
solar system is at rest or moves perpendicularly to the Invariable 
Plane, this method fails. In any case our knowledge of the motion 
of the centre of gravity is not at present sufficient to enable us to 
make much use of this fixed direction in space. 


304. If the planets and bodies forming the solar system can 
be regarded as spheres whose strata of equal density are con- 
centric spheres, their mutual attractions act along the straight 
lines joining their centres. In this case the motion of their 
centres 1s the same as if each mass were collected into its centre 
of gravity, while the motion of each about its centre of gravity 
would continue unchanged for ever. Thus we may obtain another 
fixed plane by omitting these latter motions altogether. ‘This is 
what Laplace has done, and in his formulz the terms depending on 
the rotations of the bodies in the preceding values of h,, h., hs are 
omitted. This plane may be called the Astronomical Invariable 
Plane to distinguish it from the true Dynamical Invariable Plane. 
The former is perpendicular to the axis of the momentum couple 
due to the motions of translation of the several bodies, the latter 
is perpendicular to the axis of the momentum couple due to the 
motions of translation and rotation. 


Poinsot, in a note to his Statics, called attention to the fact 
that Laplace’s plane is not the true invariable plane. He remarks 
that the area due to the rotation of the sun is at least 25 times 
that due to the motion of the earth round the sun. This omission 
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alters by some minutes the inclination of the plane to the ecliptic 
and by several degrees the longitude of.the ascending node. 


The Astronomical Invariable Plane is not strictly fixed in 
space, because the mutual attractions of the bodies do not strictly 
act along the straight lines joining their centres of gravity, so 
that the terms omitted in the expressions for ),, h,, hs are not 
absolutely constant. The effect of precession is to make the axis 
of rotation of each body describe a cone in space, so that, even 
though the angular velocity is unaltered, the position in space 
of the Astronomical Invariable Plane must be slightly altered. 
A collision between two bodies of the system, if such a thing 
were possible, or an explosion of a planet similar to that by which 
Olbers in 1802 supposed the planets Ceres, Pallas, Juno and Vesta, 
&c., to have been produced, might make a considerable change in 
the sum of the terms omitted. Jn this case there would be a 
change in the position of the Astronomical Invariable Plane, but 
the Dynamical Invariable Plane would be altogether unaffected. 
It might be supposed that it would be preferable to use in 
Astronomy the true Invariable Plane. But this is not necessarily 
the case, for the angular velocities and moments of inertia of the 
bodies forming our system are not all known, so that the position 
of the Dynamical Invariable Plane cannot be calculated to any 
near degree of approximation, while we do know that the terms 
into which these unknown quantities enter are all very small or 
nearly constant. All the terms rejected being small compared with 
those retained, the Astronomical Invariable Plane must make only 
a small angle with the Dynamical Invariable Plane. Although 
the plane is very nearly fixed in space, yet its intersection with 
the Dynamical Invariable Plane, owing to the smallness of the 
inclination, may undergo considerable changes of position. 


In the Mécanique Céleste, Tome IIL, p. 188, Laplace calculated 
the position of the Astronomical Invariable Plane at the two 
epochs, 1750 and 1950, assuming the correctness for this period of 
his formule for the variations of the eccentricities, inclinations 
and nodes of the planetary orbits. Neglecting the areas due to 
the motion of the satellites about their primaries (that due to the 
planet Neptune being also omitted) he found that at the first 
epoch the inclination of this plane to the ecliptic was 1° 35’ 31”, 
and the longitude of the ascending node 102° 57’ 29”; at the 
second epoch the inclination will be the same as before, and the 
longitude of the node 102° 57’ 14”. 

In the Smithsonian Contributions to Knowledge, Vol. 18, 1873; 
J. N. Stockwell gives the inclination of the Astronomical Invariable 
Plane to the ecliptic of 1850 (supposed fixed) as 1° 35’ 19-376. 
He includes Neptune, but omits the Satellites. The inclination 
is not constant but it must lie between the limits 0° and 3° 6’, 
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He has also calculated the inclinations of the orbits of the eight 
principal planets to the invariable plane and their maximum and 
minimum values, together with the positions of the nodes and 
their mean motions per Julian year. 


In the Astronomische Nachrichten, No. 3923, there is an 
important memoir by Prof. See on the degree of accuracy attain- 
able in determining the position of Laplace's Invariable Plane, 
1903. He particularly discusses the best determination of the 
masses of the several planets and the degree of uncertainty in 
each. He finds 106° 8’ 46-688 for the longitude of the ascending 
node and 1° 35’ 7-745 for the inclination of the plane referred to 
the fixed ecliptic of 1850°0. He considers that the inclination is 
uncertain only to the extent of 1” and the node by about 1’. The 
plane has therefore now been determined with very considerable 
accuracy. 


305. Laplace remarks that, the origin of coordinates being at the centre of 
gravity of the system, the equation 
IPE CATIESOP OY "gag cac tse neocon oorer basconaeanaeaG (1) 
may be put into the form 
RIM = ZITM,My { (22 — &) (Y2— Jy) — (Yo Yr) (42—F1)} ceeevereeees (2), 
where the 22 may include or exclude the terms in which the suffixes are the same. 
To prove this, collect the terms which have the factor M,. These are 
My, (2M, (rn a YnXy)} ar (xy Ny i y1 44) 2M, 
+My [= 2, 2M Yn — YyZ My yt Yr ZMy ty +1 UU, Yn], 
where the = implies summation for all values of n, including n=1. The last four 
terms vanish because the origin is at the centre of gravity. We now repeat this 
process and collect the terms in (2) which contain M, as a factor. We are thus 
taking every term in (2) twice over, because the product M, M, is made to supply a 
term to each collection. After adding the results of all the collections together we 
have 
(4, + M2 + &c.) 2 {Mn (fn In a Yn€n) } 
+ {My (4191 — Yr 21) + My (2 Ho — Yoo) + &e.} 2M, 
and this is twice the left-hand side of (2). 

In this form tHe equation of moments is made to depend on the differences of the 
coordinates of the bodies which form the solar system. We shall now change the 
origin to the centre of the sun. Let S be the mass of the sun, M), My, &c. those of 
the other bodies, (£1, 71, £1) (&, 72, &) &c. their coordinates referred to the centre of 
the sun. The equation (2) then becomes 

h(S+2M)=S. EM (£4 - 1) + DZMyMp { (2 — £1) (ta — 1) - (m — 1) (Ee ~ &1) (8). 

If a be the semi-major axis of any planetary orbit, e=sin ¢ the eccentricity, n the 
mean motion in a Julian year, x the angle the plane of the orbit makes with the 
plane of zy, say, the ecliptic, we have 

Ene yk = Nd C08 COR ues gestnces aetecce Wns (4). 

The terms of the second order depending on the products of the masses of the 
planets are omitted. The two greatest planets are Jupiter and Saturn, their masses 
are respectively only 1/1047 and 1/3500 of that of the sun. These terms are therefore 
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less than the uncertainty attaching to the terms of the first order. The satellites, 
asteroids and comets are too small and too symmetrically distributed to exert a 
sensible influence on the position of the plane. 

Since the ratios of hy, hg, hy are all that we want, we write unity for the mass 
of the sun and express the masses of the several planets as fractions of that of the 
sun. The formule used to find hy, h,, hz now become 

hg=>(Mna? cos ¢ cos x), y= = (Mna? cos ¢ sin x cos vy), 

hy= (Mna? cos ¢ sin x sin y), 
where w is the longitude of the ascending node of the planet’s orbit on the fixed 
plane of reference at a particular epoch. 

305a. Ex. 1. Show that the invariable plane at any point of space in the 
straight line described by the centre of gravity of the solar system is parallel to 
that at the centre of gravity. 

Ex. 2. If the invariable planes at all points in a certain straight line are 
parallel, then that straight line is parallel to the straight line described by the 
centre of gravity. 


Impulsive Forces in Three Dimensions. 


306. Constrained single body. 1'o determine the general 
equations of motion of a body about a fixed point under the action 
of gwen impulses. 


Let the fixed point be taken as the origin, and let the axes 
of coordinates be rectangular. Let (Q2, Q,, 22), (wz, wy, wz) be 
the angular velocities of the body just before and just after the 
impulse, and let the differences ,—-Q,, @,-Q,, o,—O, be 
called wz, @,, wo. Then w,', w,', w,’ are the angular velocities 
generated by the impulse. By D’Alembert’s Principle, see Art. 87, 
the difference between the angular momenta of the system just 
before and just after the action of the impulses is equal to the 
moment of the impulses. Hence by Art. 262 


Aw, —(2mxy) a, — (2mzz) @/ = L 
Bo, — (2myz) o7 — (my) wz = MS .........(1), 
Co,’ — (2mz@) o,/ — (Smzy) oy = NV 


where L, M, N are the moments of the impulsive forces about 
the axes. These three equations will suffice to determine the 
values of w,, w,, @,. By adding these to the angular velocities 
before the impulse, the initial motion of the body after the impulse 


is found. 


307. Ex.1. Show that these equations are independent of each other, and that 
none of the angular velocities w,, w,, w, is infinite. 

This follows from Art. 20, where it is shown that the eliminant of the equations 
cannot vanish. 


Ex. 2. Show that, if the body be acted on by a finite number of given impulses 
following each other at infinitely short intervals, the final motion is independent 
of their order, 
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308. It is to be observed that in these equations the axes of 
reference are any whatever. They should be so chosen that the 
values of A, may, &c., may be most easily found. If the positions 
of the principal axes at the fixed point are known, these will in 
general be found the most suitable. 


In that case the equations reduce to the simple forms 
Ao, =L, Bao,’ = M, : Co,’ = N aibioretele aterefoters (2). 
The values of @,’, wy’, @,’ being known, we can find the pressures 
on the fixed point. For by D’Alembert’s Principle the change in 
the linear momentum of the body in any direction is equal to the 


resolved part of the impulsive forces. Hence if /, G, H be the 
pressures of the fixed point on the body 


SX +F=M.% by Art, 86 
= M (o,Z— a; 4) by Art. 238} .....:... (3). 


2V4+G=WM (o/@— ow, 2) 
~Z+ H = M (@,¥ — w,'Z) 
308 a, If X, Y, Z are the components of any blow, p, q, 7 the coordinates of its 
point of application, the equations (2) may be written 
A (w,-0,)=2(qZ-rY), &., &e. 
The gain of vis viva due to the impulses is by Art. 363, 
A (42 — 242) + B (wy? —Q?) + C (w2 - 22) 
=(w,+,) = (qZ-rY) + (wy +Q,) = (7X — pZ) + &e. 
Separate the terms with X, Y, Z and this becomes by Art, 238 
ZB {X (uy + Ug) + Y (vy +) +Z (w, +ws)}, 
where (11, Vj, W1) (ug, V2, We) are the resolved velocities of the point of application 
just before and just after the blow. See Arts, 171, 346, 384, 


309. Ex.1. A uniform disc bounded by an are OP of a parabola, the axis ON, 
and the ordinate PN, has its 
vertex O fixed. A blow B is 
given to it perpendicular to 
its plane at the extremity P 
of the curved boundary. Sup- 
posing the disc to be at rest 
before the application of the 
blow, find the initial motion. 

Let the equation to the 
parabola be y2=4aa, and let 
the axis of z be perpen- 
dicular to its plane. Then 
=mxz=0, Dmyz=0. Let uw P 
be the mass of a unit of area 


¢ ye 
and let ON=c. Also 2mxy=p [| ay dxdy=p [ oh da= Op | 
0 4 4 


c : 9 
ax? ds == ac’, 
) 3 


@ 3 ¢ gre 
| PUG= 16 wate, Bap | wydx= 4a? c?, and C=A+B, by Art. 7. 
) 
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The moments of the blow B about the axes are L=Bn/4ac, M= - Be, N=0. The 
equations of Art. 306 will become after substitution of these values 


38 5 tel! te Ve 
QR OP 7) a 
18 pac” w,— 2 packw,=2Ba* c, $+ uae wy — 2 waciw,= —Be, w,=0. 


These equations determine the initial motion. By eliminating B we find the 
ratio of w, to w,. It easily follows that if NQ is taken equal to 4 NP, the disc 
begins to rotate about OQ. 


Ex. 2. One end of an inelastic string is attached to a fixed point and the other 
to a point in the surface of a body of mass M. The body is allowed to fall freely 
under gravity without rotation. Show that just before the string becomes tight 

2 2 2 
the loss of kinetic energy due to the impact is wl(S + e + = + *) , where V is 
the resolved velocity of the body in the direction of the string just before impact, 
the string only touching the body at the point of attachment, 1, m,n, A, u,v are 
the coordinates of the string at the instant it becomes tight and A, B, C the 
principal moments of inertia of the body with respect to its principal axes at its 
centre of inertia. [Math. Tripos, 1899. 

The result in the question follows from the equations of Arts. 308 and 238. 
Here X, u, v are the moments about the axes of a unit force acting along the string, 


and l, m, n are its resolved parts. See the author’s Statics, 1896, Art. 260 for 
references, 


310. New statement of the Problem. When a body free 
to turn about a fixed point is acted on by any number of impulses, 
each impulse is equivalent to an equal and parallel impulse 
acting at the fixed point together with an impulsive couple. The 
impulse at the fixed point can have no effect on the motion of the 
body, and may therefore be left out of consideration if only the 
motion is wanted. Compounding all the couples, we see that the 
general problem may be stated thus :—A body moving about a fixed 
point ws acted on by a given impulsive couple, find the change 
produced in the motion. The analytical solution is comprised in 
the equations which have been written down in Art. 306. The 
following examples express the result in a geometrical form. 


Ex. 1. Show from these equations that the resultant axis of the angular 
velocity generated by the couple is the diametral line of the plane of the couple 
with regard to the momental ellipsoid. See also Art. 118. 


Ex. 2. Let G be the magnitude of the couple, p the perpendicular trom the 
fixed point on the tangent plane to the momental ellipsoid parallel to the plane 
of the couple G. Let Q be the angular velocity generated, 7 the radius vector of 
the ellipsoid which is the axis of Q. Let K be the parameter of the ellipsoid, 
as in Art. 19. Prove that KQ=prG. 


kx. 3. If Q,, Q,, Q, be angular velocities about three conjugate diameters of 
the momental ellipsoid at the fixed point, such that their resultant is the angular 
velocity generated by an impulsive couple G, A’, B’, CO’ the moments of inertia 
about these conjugate diameters, prove that d’Q,=G cosa, B’Qy = G cos B, 


C’Q,=G cosy, where a, 8, 7 are the angles the axis of G makes with the conjugate 
diameters. 


Ex. 4, Ita body free to turn about a fixed point O be acted on by an impulsive 
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couple G, whose axis is the radius vector 7 of the ellipsoid of gyration at O, and if 
p be the perpendicular from O on the tangent plane at the extremity of r, then the 
axis of the angular velocity generated by the blow will be the perpendicular p, and 
the magnitude Q is given by G=MprQ. 

Ex. 5. Show that, if a body at rest be acted on by any impulses, we may take 
moments about the initial axis of rotation, according to the rule given in Art. 89, 
as if it were a fixed axis. 


Ex. 6. When a body turns about a fixed point, the product of the moment of 
inertia about the instantaneous axis and the square of the angular velocity is 
called the Vis Viva. Let the vis viva generated from rest by any impulse be 27, 
and let the vis viva generated by the same impulse when the body is constrained 
to turn about a fixed axis passing through the fixed point be 27’. Then prove that 
T’=T cos?6, where @ is the angle between the eccentric lines of the two axes of 
rotation with regard to the momental ellipsoid at the fixed point. 


Ex. 7. Hence deduce Euler’s theorem, that the vis viva generated from rest by 
an impulse is greater when the body is free to turn about the fixed point than when 
constrained to turn about any axis through the fixed point. This theorem was 


afterwards generalized by Lagrange and Bertrand in the second part of the first 
volume of the Mécanique Analytique. 


311. Free single body. To determine the motion of a free 
body acted on by any given impulse. 


Since the body is free, the motion round the centre of gravity 
is the same as if that point were fixed. Hence, the axes being 
any three straight lines at right angles meeting at the centre of 
gravity, the angular velocities of the body may still be found by 
equations (1) and (2) of Art. 306. 


To find the motion of the centre of gravity, let (U, V, W), 
(u, v, w) be the resolved velocities of the centre of gravity just 
before and just after the impulse. Let X, Y, Z be the components 
of the blow, and let J be the whole mass. Then by resolving 
parallel to the axes we have 


M(u-—U)=X, Mw-V)=Y, Mw-W)=Z. 
If we follow the same notation as in Art. 306, the differences 
u—U,v—V,w— W may be called w’, v’, w’. 


312. Ex.1. A body at rest is acted on by an impulse whose components parallel 
to the principal axes at the centre of gravity are (X, Y, Z) and the coordinates of 
whose point of application referred to these axes are (p, 9,7). Prove that if the 
resulting motion be one of rotation only about some axis, 

A(B-C) pYZ+B(O-A)qZX+0C(4-B)rXY=0. 

Is this condition sufficient as well as necessary? See Art. 241. 


Ex. 2. A homogeneous cricket-ball is set rotating about a horizontal axis in 
the vertical plane of projection with an angular velocity 2. When it strikes the 
ground, supposed perfectly rough and inelastic, the centre is moving with velocity 
V in a direction making an angle a with the horizon, prove that the direction of 
the ee of the ball after impact will make with the plane of projection an angle 
tan! = a 

5 ae 


R. D. 17 


, where a is the radius of the ball. 
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Ex. 3. A rough lamina, turning with angular velocity Q about a fixed axis 
perpendicular to its plane, is impulsively gripped by a solid cone of semi-vertical 
angle a, whose vertex is fixed at the point where the axis meets the lamina, turning 
about its own axis with angular velocity w. The moments of inertia of the cone 
being denoted by 4, 4, C and that of the lamina by I, prove that the loss of kinetie 


2 in2 

energy is 4 (@-w sin a)? / G 4 *) (Math. Tripos, 1902. 

The cone will begin to roll on the lamina which can only turn about its axis, 
say the axis of z. Let G be the couple of reaction between the cone and lamina, 
its axis being that of z. Let the cone touch the lamina along the axis of z. Take 
moments for the cone about its principal axes OC, OA and for the lamina about 7ts 
principal axis OZ; we find C (w,/-w)=G sina, Aw,/= —G cosa, I(Q/-Q)=—-G. 
Since the cone rolls on the lamina w,’ sina —w,/ cosa=Q’. Solving these we find G 
and thence w,', w,’, and’. The loss of energy follows at once. 


313. Motion of any point of the body. To prove that the 
components of the change of velocity of any point of the body are 
linear functions of the components of the blow. The equations of 
Art. 311 completely determine the motion of a free body acted on 
by a given impulse, and from these by Art. 238 we may determine 
the initial motion of any point of the body. Let (, g, 7) be the 
coordinates of the point of application of the blow, then the 
moments of the blow round the axes are respectively gZ—rY, 
rX—pZ, pY—qX. These must be written on the right-hand 
sides of the equations of Art. 306. Let (p’, q’, 7’) be the co- 
ordinates of the point whose initial velocities parallel to the axes 
are required. Let (%, %, W,), (ts, U2, We) be its velocities just 
before and just after the impulse. Let the rest of the notation be 
the same as that used in Art. 306. Then 

—% =U + 0,7 — 0, 
arn similar Be for Uz — Vi, Wy — Wh. Substituting 1 in these 
equations the value of w’, v', w’, wz, wy, w, given by Art. 311 we 
see that uw,— tm, V.—%, W,—w, are linear functions of X, Y, Z, of 
the form UW —-uy=FX+GY+ HZ, 
where /’, G, H depend on the structure of the body and the co- 
ordinates of the two points. 


314. When the point whose initial motion is required is the point of application 
of the blow, and the axes of reference are the principal axes at the centre of gravity, 
these expressions take the simple forms 


= Pe UO? 0 qn 
avi = ax+(at eh +4 Peer, 
? 1 > 2 
my—m=— x4 (a4 ake 


The right-hand sides of these equations are the differential coefficients of a 
quadratic function of X, Y, Z, which we may call H. It follows that for all blows 
at the same point P of the same body the resultant change in the velocity of the point 
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P of application is perpendicular to the diametral plane of the direction of the 
blow with regard to a certain ellipsoid, whose centre is at P, and whose equation 
is H=constant. 


The expression for H may be written in either of the equivalent forms: 
X?4 Y24 72 
= M 
KA YA 72 7 
eee ar 
In this latter form we see that 2H = M (uw? +v+w”) + dw,’ + Bw,'?+ Cw,?, which 
is the vis viva of the motion generated by the impulse. 


1 
2 + zac (4r? + Ba? + Cr*) (AX? + BY? + CZ?) — (ApX+ BqY+ CrZ) 


1 a 
(qZ-rYyP +5 (rX— pZ)P?+G (p¥ — qX)?. 


Impact of any two bodies. 


315. Two bodies moving in any manner impinge on each other. 
To find the motion after impact. 


Inelastic Bodies. If the bodies are inelastic and either 
perfectly smooth or so rough that the sliding must be destroyed 
before the termination of the impact, it is unnecessary to introduce 
the reactions into the equations. In either case we take the 
point of contact as the origin. Let the axes of # and y be in 
the tangent plane, and that of z be normal. Let U, V, W be the 
resolved velocities of the centre of gravity of one body just before 
the impact, and wu, v, w the resolved velocities just after the impact. 
Let O,, 0, Oz, oz, @,, @, be the angular velocities just before and 
just after. Let A, B, C, D, H, F be the moments and products of ' 
inertia at the centre of gravity. Let M be the mass of the body, 
and x, y, z the coordinates of its centre of gravity. Let accented 
letters denote the same quantities for the other body. 


Then taking moments about the axes for one body we have, by 
Arts. 306 and 78, 


A(@;z — Q,) — F (@, — Oy)—E (@,—-Q,)— (uv —V )z+(w—W)y=0, 
— F (w,— O,) + B(@, —Qy) — D(w,—O,)—(w— W) 2+(u—U) 2 =0, 
— B (wg — Oz) — D (wy — Dy) + C (a,—O,)— (u—U)y +(0-V) 0 =0. 


Three similar equations apply for the other body, differing from 
these only in having all the letters accented. 


Resolving along the axis of z for both bodies, we have 
M(w—W)+M' (w' — W’)=0. 
The relative velocity of compression is zero at the moment of 
greatest compression, we have therefore 
W — OnY + 0 =W — oy +o, 2’. 
We thus have eight equations between the twelve unknown 
resolved velocities and angular velocities, 
17—2 
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316. If the bodies be smooth we obtain four more equations by 
resolving for each body parallel to the axes of # and y. For the 
one body we have u—-U=0, v—V=0, 
with similar equations for the other body. 


317. If the bodies be rough we obtain two of the four equations 
by resolving the linear momenta parallel to the axes of w and y, viz. 
M(u— U)+M'(u'-U')= 
Miv—-—V)+M'(v' -—V’)=0)° 
We have also two geometrical equations obtained by equating to 
zero the resolved relative velocity of sliding, viz. 
U— Oy 2+ @2y =W — oye + Be 
V—O,0 + O22 =V — 0,0 +@z2Z)° 


318. Smooth Elastic Bodies. If the bodies be smooth and 
imperfectly elastic, we must introduce the normal reaction into the 
equations. In this case we proceed exactly as in the general case 
when the bodies are rough and elastic, which we shall consider in 
the following articles. The process is of course simplified by patting 
both the frictions P and Q equal to zero in the twelve equations 
of motion (1), (2), (3) and (4). We also have the velocity C of 
compression equal to zero at the moment of greatest compression. 
Thus we have one more equation from which the normal reaction R 
may be found. Multiplying this value of R by 1 +e, where e has 
the meaning given to it in Art. 179, we have the complete value 
of & for the whole impact. Substituting this last value of A in 
the twelve equations of motion (1) and (2), (8) and (4), the motion 
of both bodies just after impact is found. 


319. Rough Elastic Bodies. The problem of determining 
the motion of any two rough bodies after a collision involves some 
rather long analysis and yet in some points it differs essentially 
from the corresponding problem in two dimensions. We shall, 
therefore, first consider a special problem which admits of being 
treated briefly, and will then apply the same principles to the 
general problem in three dimensions. 


320. Two rough ellipsoids moving in any manner impinge 
on each other so that the eatrenuty of a principal diameter of one 
strikes the extremity of a principal diameter of the other, at an 
mstant when the three principal diameters of one are parallel to 
those of the other. Find the motion just after impact. 


Let us refer the motion to coordinate axes parallel to the 
principal diameters of either eilipsoid at the beginning of the 
impact. Then since the duration of the impact is indefinitely 
small and the velocities are finite, the bodies will not have time to 
change their position, and therefore the principal diameters will be 
parallel to the coordinate axes throughout the impact. 
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Let U, V, W be the resolved velocities of the centre of gravity 
of one body just before impact; wu, v, w the resolved velocities 
at any time ¢ after the beginning of the impact, but before its 
termination. Let O,, O,, O, be the angular velocities of the 
body just before impact about its principal diameters at the centre 
of gravity; wz, @,, @, the angular velocities at the time ¢ Let 
a, b,c be the semiaxes of the ellipsoid, and A, B, C the moments 
of inertia at the centre of gravity about these axes respectively. 
Let M be the mass of the body. Let accented letters denote the 
same quantities for the other body. Let the bodies impinge at 
the extremities of the axes c, c’. 


Let P, Q, & be the resolved parts parallel to the axes of the 
momentum generated in the body JM by the blow during the time 
t. Then —P, —Q,—8 are the resolved parts of the momentum 
generated in the other body in the same time. 


The equations of motion of the body M are 


A (@z — Ox) = Qe 
B(w, —Q,) =— 4 


C (@, — Oz) =0 
M(u-— U)=P 
Mv - =o} PORTO TTC Oe (2). 
M(w-W)=R 


There are six corresponding equations for the other body 
which may be derived from these by accenting all the letters on 
the left-hand side and writing —P, —Q, —R, —c for P,Q, RB 
and c on the right-hand side. Let us call these new equations 
respectively (3) and (4). 


Let S be the velocity with which one ellipsoid slides along the 
other, and @ the angle which the direction of sliding makes with 
the axis of a, then, as in Art. 192, 


S080 =W OO, —UACW, © .o..tow.ennaees (5), 
Ssin 0= v0! —Cag —U—CWy  ssescececeseeee (6). 
Let C be the relative velocity of compression, then 
Cee, Uh ariguuctaen crate ued Ch): 
Substituting in these equations from the dynamical equations 
we have SCOse 255.608 Op — PP %: .ecue tens. squees-. (8), 
SiS Ge SUN Oy 10 Qs aee eter anand ss (9), 
(GET Ore lt! Sem P ORT Gx OSD ONC SSE (10), 


S, sin 6,.= V’ —¢ Dg —V-—cQ, 


where S, cos 0 = U’ + ¢Q, —U + cQy 
C(,= W’'-W 
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2 /2, 
q=ytytate Mua Radon t voateoean (12) 
ariel 
asi IRI 


These are the constants of the impact. S,, CQ, are the initial 
velocities of sliding and compression, and @, the angle which the 
direction of initial sliding makes with the axis of #. Let us take 
as the standard case that in which the body M’ is sliding along and 
compressing the body M, so that S, and C, are both positwe. The 
other three constants p, g, r are independent of the initial motion 
and are essentially positive quantities. 


321. Exactly as in the corresponding problem in two dimen- 
sions, we shall adopt a graphical method of tracing the changes 
which occur in the frictions. Let us measure along the axes 
of x, y, 2 three lengths OP, OQ, OR to represent the three re- 
actions P, Q, R. Then, if these be regarded as the coordinates 
of a point 7, the motion of 7 will represent the changes in the 
forces. It will be convenient to trace the loci given by S=0, 
C=0. The locus given by S=0 is a straight line parallel to 
the axis of R; this we may call the line of no sliding. The 
locus given by (=0 is a plane parallel to the plane POQ; this 
we may call the plane of greatest compression. At the beginning 
of the impact one ellipsoid is sliding along the other, so that 
according to Art. 154 the friction called into play is limiting. 
Since P, Q, R are the whole resolved momenta generated in the 
time t, dP, dQ, dR are the resolved momenta generated in 
the time dt, the two former being due to the frictional, and the 
latter to the normal blow. Then the direction of the resultant of 
dP, dQ must be opposite to the direction in which one point of 
contact slides over the other, and the magnitude of the resultant 
must be equal to wdR, where yw is the coefficient of friction. We 
have therefore 


dP __ Sy cos 8 — pP 
10 = 2" te ere cece cccccccccce (13), 
(GP) + (dQ) = p2 (RY oo s.e0cclocecseee (14). 


‘The solution of these equations will indicate the manner in 
which the representative point 7’ approaches the line of no sliding, 


The equation (18) can be solved by separating the variables. 
We get = A 

(S, cos 6, — pP)? = a(S, sin A — gQ)?, 
where @ is an arbitrary constant. At the beginning of the motion 
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P and Q are zero, hence we have 


1 1 
S, cos 0, = ag _ (Sy sin 8, — qQ\4 
Ge es SS we ) Mer (15), 
which may also be written 
1 1 
Scos 6 \P S sin 0\¢ 
(s cos A — (a elaisr ale. sihlalelelsteyele ls (16), 
aD. Q's 
Slee | ee ONG 
or S=S, Cad (— SS tS (17). 


This equation gives the relation between the direction and the 
velocity of sliding. 


322. If the direction of sliding does not change during the 
impact, 9 must be constant and equal to 0. We see from (16) 
that, if p=q, then 6=90,; and that conversely if 0=0, S is 
constant unless p=q. Also, if sin @ or cos @, be zero, S must 
be zero or infinite unless 0=0,. The necessary and sufficient 
condition that the direction of friction should not change during 
the impact is therefore p=q or sin20,=0. The former of these 
two conditions, by (12), leads to 


Ca ae 
é (G-zte (p-x)=9 oe ee (18). 


If this condition holds, we have by (13) P=Qcot 6, and 
therefore by (14) 
P = 1h cos 0,, (as iy Sil C2 noon. = 125 (19), 
It follows from these equations that, when the friction is 
limiting, the representative point T moves along a straight line 
making an angle tan with the axis of R, in such a durection 
as to meet the straight line of no sliding. 


323. If the condition p=q does not hold, we may, by dif- 
ferentiating (8) and (9) and eliminating P, Q, and S, reduce the 
determination of # in terms of @ to an integral. 

By substituting for S from (17) in (8) and (9), we then have 
P, Q, & expressed as functions of 6. Thus we have the equations 
to the curve along which the representative point 7’ travels. The 
curve along which 7 travels may more conveniently be defined 
by the property that its tangent, by (14), makes a constant angle 
tan! « with the axis of R and its projection on the plane of PQ 
is given by (15). And it follows that this curve must meet the 
straight line of no sliding, for the equation (15) is satisfied by 
pP =S8, cos &, gQY= 8, sin A. 

324. The whole progress of the impact may now be traced 
exactly as in the corresponding problem in two dimensions. The 
representative point T' travels along a certain known curve, until 
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it reaches the line of no sliding. It then proceeds along the line 
of no sliding, in such a direction that. the abscissa R «increases. 
The complete value R, of R for the whole impact is found by 
multiplying the abscissa R, of the point at which T crosses the 
plane of greatest compression by 1 +e, so that R,= R, (1 +e), fe be 
the measure of the elasticity of the two bodies. The complete values 
of the frictions called into play are the ordinates of the positions 
of T' corresponding to the abscissa R= R,. Substituting these in the 
dynamical equations (1), (2), (3), (4), the motion of the two bodies 
just after impact may be found. 


325. Since the line of no sliding is perpendicular to the 
plane of PQ, P and Q are constant when T travels along this 
line. So that, when once the sliding friction has ceased, no more 
friction is called into play. If therefore sliding ceases at any 
instant before the termination of the impact, as when the bodies 
are either very rough or perfectly rough, the whole frictional 
impulses are given by 

p= d0608 % ape ey 
p q 

If o be the are of the curve in the plane of PQ whose equation 
is (15) measured from the origin to the point where it meets the 
line of no sliding, then the representative point 7 cuts the line of 


no sliding at a point whose abscissa is R = ° | If the bodies are 
be 


so rough that 2 <9, the point 7 will not cross the plane of 


greatest compression until after it has reached the line of 
no sliding. The whole normal impulse is therefore given by 


R=" (+6) Substituting these values of P, Q, R in the 
dynamical equations, the motion just after impact may be found. 


326. Ex.1. If @ be the angle which the direction of sliding of one ellipsoid over 
the other makes with the axis of x, prove that 6 continually increases or continually 
decreases throughout the impact. And if the initial value of 6 lie between 0 and 47, 
then @ approaches 47 or zero according as p> or <q. Show also that the repre- 
sentative point reaches the line of no sliding when @ has either of these values. 

Ex. 2. If the bodies be such that the direction of sliding continues unchanged 
during the impact and the sliding ceases before the termination of the impact, the 

Sor 
Cop (1+e) ° 

Ex. 3. If two rough spheres impinge on each other, prove that the direction 
of sliding is the same throughout the impact. This proposition was given by 
J. A. Kuler, and by Coriolis, Jeu de billard, 1835. See Art. 322. 

Ex. 4. If two inelastic solids of revolution impinge on each other, the vertex 
of each being the point of contact, prove that the direction of sliding is the same 
throughout the impact. This and the next proposition have been given by 
M. Phillips in the fourteenth volume of Liowville’s Journal. 


roughness must be such that u> 
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Ex. 5. If two bodies having the principal axes at their centres of gravity 
parallel impinge, so that these centres of gravity are in the common normal at the 
point of contact, and if the initial direction of sliding be parallel to a principal axis 
at either centre of gravity, then the direction of sliding will be the same throughout 
the impact. 


Ex. 6. If two ellipsoids of equal mass impinge on each other at the ex- 
tremities of their axes c, c’, and if aa’=bb’ and ca/=bc’, prove that the direction 
of friction is constant throughout the impact. 


Ex. 7. A billiard ball rolls without sliding on the table and impinges against a 
cushion, find the subsequent motion. See also Vol. um. Art. 239. Ed. 1905. 

Let the planes of the cushion and table be called the planes of xy and xz 
respectively, Let the initial velocity of the centre of gravity resolved parallel to x 
and z be —u and —w and let the angular velocity about the vertical be n. After 
rebounding the ball will describe a series of very small parabolic jumps which are 
hardly perceptible. Finally the ball may be regarded as rolling on the table. This 
final motion is given by U'=-ut+$8y (wan), W'=-w+ (l+y+e) w, 
where y is the smaller of the two quantities ? and « (1+e) w/{w?+ (w+an)2}*, 


327. Two rough bodies moving in any manner impinge on each 
other. Find the motion just after impact. 


Let us refer the motion to coordinate axes, the axes of a, y 
being in the tangent plane at the point of impact and the axis 
of z along the normal. Let U, V, W be the resolved velocities of 
the centre of gravity of one body just before impact, u, v, w the 
resolved velocities at any time ¢ after the beginning, but before 
the termination of the impact. Let Q,, 0,, 0, be the angular 
velocities of the same body just before impact about axes parallel 
to the coordinate axes, meeting at the centre of gravity; wz, @y, @z 
the angular velocities at the time ¢ Let A, B, C, D, H, F be 
the moments and products of inertia about axes parallel to the 
coordinate axes meeting at the centre of gravity. Let M be the 
mass of the body. Let accented letters denote the same quantities 
for the other body. 


Let P, Q, R be the resolved parts parallel to the axes of the 
momentum generated in the body M from the beginning of the 
impact, up to the time ¢. Then — P,—Q,— are the resolved parts 
of the momentum generated in the other body in the same time. 


Let (a, y, 2), (2, y', #) be the coordinates of the centres of 
gravity of the two bodies referred to the point of contact as origin. 
The equations of motion are therefore 


A (@z— OQ) — F (@y — Oy) — E (@, — 2,)=—-yR+ 2Q 


— F (a, — Oz) + B (@y, — Oy) — D (@, — 0,) =—2P + ak}... (iy 
— E(@z— OQ) — D (w, — 0) + C (@, — 22) =— “0+ yP 
M(u-—U)=P 
Mi Ve ON fact tes. ts bs incase’ (2) 
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We have six similar equations for the other body, which differ 
from these in having all the letters, except P, Q, R, accented, 
and in having the signs of P,Q, R changed. These we shall call 
equations (3) and (4). Let S be the velocity with which one 
body slides along the other and @ the angle which the direction 
of sliding makes with the axis of 2 Also let C be the relative 
velocity of compression, then 


Scos0=w —o,/2 + o/y' —Ut+ w,2 — @2y 
Ssin 0=0' —@/a' + wz, 2 —U+ O20 — O22... (5). 

C=w —a¢y +0, —Wt @2Y — @,% 
If we substitute from (1) (2) (3) (4) in (5) we find (Art. 314) 

S,cos @—Scos@=aP + fQ+ eR 

S, sin @—S sin 0 = fP vq +anl 
C,-C=eP+dQ+cR) 
where S,, @, Cy are the initial values of S, 8, C and are found from 
(5) by writing for the letters their initial values. The expressions 


for a, b, c, d, e, f are rather complicated, but it is unnecessary to 
calculate them. 


328. We may now trace the whole progress of the impact by 
the use of a graphical method. Let us measure from the point of 
contact O, along the axes of coordinates, three lengths OP, OQ, OR 
to represent the three reactions, P,Q, R. Then if, as before, these 
are regarded as the coordinates of a point 7’, the motion of 7 
will represent the changes in the forces. The equations of the 
line of no sliding are found by putting S=O in the first two 
of equations (6). We see that it is a straight line. 


The equation of the plane of greatest compression is found by 
putting C= 0 in the third of equations (6). 

At the beginning of the impact one body is sliding along the 
other, so that the friction called into play is limiting. The path 
of the representative point as it travels from O is given, as in 


Art. 321, by oP dQ 
Soa an a POL, Cnet (7). 

When the representative point 7’ reaches the line of no sliding, 
the sliding of one body along the other ceases for the instant. 
After this, only so much friction is called into play as will suffice to 
prevent sliding, provided that this amount is less than the limiting 
friction. If therefore the angle which the line of no sliding makes 
with the axis of R be less than tan y, the point 7’ travels along it. 
But if the angle be greater than tan yw, more friction is necessary 
to prevent sliding than can be called into play. Accordingly the 
friction continues to be limiting, but its direction is changed if S 
changes sign. The point 7’ then travels along a curve given by 
equation (7) with @ increased by 7. See Art. 194. 
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The complete value R, of R for the whole impact is found 
by multiplying the abscissa R, of the point at which 7 crosses the 
plane of greatest compression by 1 + e, where e is the measure of 
elasticity, so that R, = R,(1+e). The complete values of P and Q 
are represented by the ordinates corresponding to the abscissa Ry. 
Substituting in the dynamical equations, the motion just after 
impact may be found. 


329. The path of the representative point before it reaches 
the line of no sliding must be found by integrating (7). By 
differentiating (6) we have 

d(Scos@) adP+fdQ+edR  aycos 6+ fwsin d+¢ 8 
d(Ssin@) fdP+bdQ+ddR fucosd+busin +d eS) 
which reduces to 
a+b a—b : e d. 
1s. Soe gi cee Ge a " 
3497 Bao): 


on ie Paes eae tel 
2 b & 

From this equation we may find S as a function of @ in 
the form S=A/f(@), the constant A being determined from the 
condition that S=S, when 6=6,. Differentiating the first of 
equations (6) and substituting from (7) we get 


— Ad {cos 6f(@)! = (ua cos 6+ uwfsind+e)dR...... (10), 


whence we find k = AF’ (6) + B, the constant B being determined 
from the condition that R vanishes when @=@,. By substituting 
these values of S and F# in the first two equations of (6) we find 
P and Q in terms of 6. The three equations giving P, Q, R as 
functions of @ are the equations to the path of the representative 
point. It should be noticed that the tangent to the path at any 
point makes with the axis of & an angle equal to tan pw. 


330. If the direction of friction does not change during the 
impact, @ is constant and equal to @,, so that @ cannot be chosen as 
the independent variable. In this case P= cos %,Q =F sin 8, 
and the representative point moves along a straight line making 
with the axis of Ran angle tany. Substituting these values of 
P and Q in the first two of equations (6) we have 

= a sin 20, + f cos 20, + : cos 0, — 5 ain:6, = Ove.( 11) 
as a necessary condition that the direction of friction should not 
change. Conversely, if this condition is satisfied, the equations 
(6) and (7) may all be satisfied by making @ constant. In this 
case it is also easy to see that the path of the representative point 
intersects the line of no sliding. 


If S, be zero, the representative point is situated on the line of 
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no sliding. If the angle made by this straight line with the axis 
of R be less than tan y, the representative point travels along it. 
But if the angle be greater than tan, more friction is necessary 
to prevent sliding than can be called into play. Since 4, is zero, 
the initial value of @ is unknown. In this case, differentiating the 
first two equations of (6) and putting S =0, we see by division that 
the initial value of @ must satisfy equation (11). The condition 
that the direction of friction does not change is therefore satisfied. 
This value of @ makes the subject of integration in (9) infinite, so 
that the reasoning there given must be modified. But, by what 
has just been said, we see that the path of the representative point 
is a straight line, which makes with the axis of R an angle equal 
to tan-! yw, and has the proper initial value of @. 


Bik, tps ty by Cr A -F -E£ yR—-2Q 
-F B -D 2P-2R 
2 -E =D C 2Q-yP 


| yR-2Q 2P-xR «Q-yP 0 


and let A be the determinant obtained by leaving out the last row and the last 
column. Let G’, A’ be corresponding expressions for the other body. Then 
a, b, c, d, e, f are the coefficients of P?, Q?, R?, 2QR, 2RP, 2PQ in the quadric 
1 1 5 5 ul Le 
Gata) (P?+Q? +R Meare lary G’=2EH, 
where 2E is a constant, which may be shown to be the sum of the vires vive of the 
motions generated in the two bodies, as explained in Art. 314. 


This quadric may be shown to be an ellipsoid by comparing its equation with 
that given in Art, 28, Ex. 3. 


Show also that a, b, c are necessarily positive, and that ab>f2, be >d?, ca>e?. 


Show that, by turning the axes of reference round the axis of R through the 
proper angle, we can make f zero. 


Ex. 2, Prove that the line of no sliding is parallel to the conjugate diameter 
of the plane containing the frictions P, Q. Prove also that the plane of greatest 
compression is the diametral plane of the reaction R. 


Ex. 3. The line of no sliding is the intersection of the polar planes of two 


points situated on the axes of P and Q, at distances from the origin respectively 
2H 2H 


an : : 
So Cos 4 So sin 4 


The plane of greatest compression is the polar plane of 


a point on the axis of R, distant = from the origin. 
0 


Ex. 4. The plane of PQ cuts the ellipsoid of Ex. 1 in an ellipse, whose axes 
divide the plane into four quadrants; the line of no sliding cuts the plane of PQ in 
that quadrant in which the initial sliding S, occurs. 


Ex. 5. A parallel to the line of no sliding through the origin cuts the plane of 
greatest compression in a point whose abscissa R has the same sign as C,. Hence 
show, from geometrical considerations, that the representative point 7 must cross 
the plane of greatest compression. 


EXAMPLES 269 


EXAMPLES*. 


1. A cone revolves round its axis with a known angular velocity. The altitude 
begins to diminish and the angle to increase, the volume being constant. Show 
that the angular velocity is proportional to the altitude. Art. 299. 


2. A circular disc is revolving in its own plane about its centre; if a point in 
the circumference becomes fixed, find the new angular velocity. Art. 171a. 


3. A uniform rod of length 2a lying on a smooth horizontal plane passes 
through a ring which permits the rod to rotate freely in the horizontal plane. The 
middle point of the rod being indefinitely near the ring, any angular velocity is 
impressed on it, show that when it leaves the ring the radius vector of the middle 
point has swept out an area equal to 4a’. 


4, An elliptic lamina is rotating about its centre on a smooth horizontal table. 
If w,, w., ws; be its angular velocities when the extremity of its major axis, its 
focus, and the extremity of its minor axis respectively become fixed, prove that 
TW05 = 603 + 5a, Wo. 


5. A rigid body moveable about a fixed point O at which the principal moments 
are A, B, C is struck by a blow of given magnitude at a given point. If the 
angular velocity thus impressed on the body be the greatest possible, prove that, 
(a, b, c) being the coordinates of the given point referred to the principal axes 
at O, and (l, m, n) the direction-cosines of the blow, 


Jen Soe ete Die 2 NGA Ube ase ea 
eC LN TAN Fe a GF) \ Oh mae et Gy Be a 


6. Any triangular lamina ABC has the angular point C fixed and is capable 
of free motion about it. A blow is struck at B perpendicularly to the plane of the 
triangle. Show that the initial axis of rotation is that trisector of the side AB 
which is furthest from B. 

Replacing the lamina by its three equivalent particles and equating to zero the 
angular momentum about BC, Art. 149, it is evident that the particles at H and F 
(bisecting AC, AB) have equal and opposite initial velocities. It follows that the 
instantaneous axis bisects HF’ and passes through C. Considering this axis as a 
transversal of the triangle AEF, we deduce the result given. 


7. A cone of mass m and vertical angle 2a can move freely about its axis, 
which is vertical and has a fine smooth groove cut along its surface so as tomake a 
constant angle 8 with the generating lines of the cone. A heavy particle of mass P 
moves along the groove under the action of gravity, the system being initially at 
rest with the particle at a distance c from the vertex. Show that, if 6 be the angle 
through which the cone has turned when the particle is at any distance r from the 


vertex, 
mk?+Pr?sin?a  20sina. cot B 
J 


m+ Pesinta 
k being the radius of gyration of the cone about its axis. 


8. A body is turning about an axis through its centre of gravity O when a 
point P in it becomes suddenly fixed. If the new instantaneous axis be a principal 


axis at P, show that the locus of P is a rectangular hyperbola. 


* These examples are taken from Examination Papers which have been set in 
the University or in the Colleges. 
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Just before P is fixed the whole momentum is equivalent to a couple G acting 
in the diametral plane of the instantaneous axis with regard to the momental 
ellipsoid at O, Art. 118 or 310. When P is fixed we may suppose the body to be 
at rest and acted on by the couple G; it therefore begins to turn about the diame- 
tral line of the plane of G with regard to the momental ellipsoid at P; see Art. 297. 
By the question this is to be a principal axis, and it is therefore perpendicular to 
its diametral plane. The locus of P is therefore such that one principal axis at P 
is parallel to a fixed straight line, viz. the perpendicular to the plane of G. The 
locus is a rectangular hyperbola by Art. 51, Ex. 4. 


9. A cube is rotating with angular velocity w about a diagonal when one of 
its edges which does not meet the diagonal suddenly becomes fixed. Show that the 
angular velocity w’ about this edge is given by 4,/3w'=w., 

10. Two masses m, m’ are connected by a fine smooth string which passes 
round a right circular cylinder of radius a. The two particles are in motion in 
one plane under no impressed forces, show that, if A be the sum of the absolute 
areas swept out in a time t¢ by the two unwrapped portions of the string, 


PAS eee 
dt?” 2 Oe 


T being the tension of the string at any time. 


11. A piece of wire in the form of a circle lies at rest with its plane in contact 
with a smooth horizontal table, when an insect on it suddenly starts walking along 
the are with uniform relative velocity. Show that the wire revolves round its 
centre with uniform angular velocity, while that centre describes a circle in space 
with uniform angular velocity. 


12. A uniform circular wire of radius a, moveable about a fixed point in its 
circumference, lies on a smooth horizontal plane. An insect of mass equal to that 
of the wire crawls along it, starting from the extremity of the diameter opposite 
to the fixed point, its velocity relative to the wire being uniform and equal to V. 
Prove that after a time t the wire will have turned through an angle 

Ag tan7} (=; tan a 
2a 4/3 QE te) 

13. A small insect moves along a uniform bar, of mass equal to itself, and of 
length 2a, the extremities of which are constrained to remain on the circumference 
of a fixed circle, whose radius is 2a/,/3. Supposing the insect to start from the 
middle point of the bar, and its velocity relatively to the bar to be uniform and equal 
to V; prove that the bar in time ¢ will turn through an angle 6 where a tan (6,/3) = Vt. 


14. A circular dise can revolve freely in a horizontal plane about a vertical axis 
through its centre. An equiangular spiral is traced on the disc, having the centre 
for pole. An insect whose mass is n times that of the dise crawls along the curve, 
starting from the point at which it cuts the edge. Show that, when the insect reaches 
the centre, the disc has revolved through an angle 4tanalog(1+2n), where a is 
the angle between the tangent and the radius vector at any point of the spiral. 


15. A uniform circular disc moveable about its centre in its own plane (which 
is horizontal) has a fine groove in it cut along a radius, and is set rotating with 
an angular velocity w. A small rocket whose weight is an n of the weight of the 
disc is placed at the inner extremity of the groove and discharged; when it has 
left the groove the same is done with another equal rocket, and soon. Find the 
angular velocity after n of these operations, and, if m be indefinitely increased, show 
that the limiting value of the same is we”, 
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16. A rigid body is rotating about an axis through its centre of gravity, when a 
certain point of the body becomes suddenly fixed, the axis being simultaneously set 
free; find the equations of the new instantaneous axis; and prove that, if it be 
parallel to the originally fixed axis, the point must lie in the line represented by 


the equations a?lx + b?my +¢?nz=0, (b? - c?) i + (c? — a?) ae (a? — b?) == 0; where the 


principal axes through the centre of gravity are taken as axes of coordinates, a, b, ¢ 
are the radii of gyration about these lines, and J, m, n the direction-cosines of 
the originally fixed axis referred to them. Art. 296. 


17. A solid body rotating with uniform velocity w about a fixed axis contains 
a closed tubular channel of small uniform section, filled with an incompressible fluid 
in relative equilibrium; if the rotation of the solid body were suddenly destroyed 
the fluid would move in the tube with a velocity v given by vl=2Aw, where A is the 
area of the projection of the axis of the tube on a plane perpendicular to the axis 
of rotation, and J is the length of the tube. 


Any element of mass mds is moving with velocity wr in a direction normally to 
the plane containing the element and the axis of rotation. The normal pressures 
of the tube destroy all motion perpendicular to the tube, so that we need only 
consider the component wr, rd6/ds, Art. 307. Hach element impinges on those 
adjacent, but the linear momentum is unaltered by this impact. Integrating the 
momentum along the whole tube, we have mlv={mwr? dé, which gives the result, 


18. A gate without a latch, in the form of a rectangular lamina, is fitted with 
a universal joint at the upper corner, and at the lower corner there is a short bar, 
normal to the plane of the gate and projecting equally on both sides of it. As the 
gate swings to either side from its stable position of rest, one or other end of the 
bar becomes a fixed point. If h be the height of the gate, h tana its length, and 
28 the angle which the bar subtends at the upper corner, show that the angular 
velocity of the gate as it passes through the position of rest is impulsively di- 
sin?a —tan?B 
sin?a+tan?p’ 
when the oscillations became small decreases in the same ratio, the weights of the 
bar and joint being neglected. 


minished in the ratio and that the time between successive impacts 


CHAPTER VII 


VIS VIVA 
The Force-function and Work 


332. Time and space integrals. If a particle of mass m 
is projected along the axis of # with an initial velocity V and is 
acted on by a force F# in the same direction, the motion is given 

a 
m ae eed de 

Integrating this with regard to t, if v be the velocity after 

; a 
a time ¢, we have oe y= Fab. 

0 


If we multiply both sides of the differential equation of the 
second order by dax/dt and integrate, we get* 


ae V») =| Fae. 
2 0 


by the equation 


* Tt is seldom that Mathematicians can be found engaged in a controversy such 
as that which raged for forty years in the eighteenth century. The object of the 
dispute was to determine how the force of a body in motion was to be measured. 
Up to the year 1686, the measure taken was the product of the mass of the body 
and its velocity. Leibnitz, however, thought he perceived an error in the common 
opinion, and undertook to show that the proper measure should be the product 
of the mass and the square of the velocity. Shortly all Europe was divided 
between the rival theories, Germany took part with Leibnitz and Bernoulli; while 
England, true to the old measure, combated their arguments with great success. 
France was divided, an illustrious lady, the Marquise du Chatelet, being first a 
warm supporter and then an opponent of Leibnitzian opinions. Holland and Italy 
were in general favourable to the German philosopher. But what was most strange 
in this great dispute was, that the same problem, solved by geometers of opposite 
opinions, had the same solution. However the force was measured, whether by the 
first or by the second power of the velocity, the result was thesame. The arguments 
and replies advanced on both sides are briefly given in Montucla’s History, and are 
most interesting. For these however we have no space. The controversy was at 
last closed by D’Alembert, who showed in his treatise on Dynamics that the whole 
dispute was a mere question of words. When we speak, he says, of the force of 
a moving body, we either attach no clear meaning to the word or we understand 
only the property that certain resistances can be overcome by the moving body. It 
is not then by any simple considerations of merely the mass and the velocity of the 
body that we must estimate this force, but by the nature of the obstacles overcome. 
The greater the resistance overcome, the greater we may say is the force; provided 
we do not understand by this word a pretended existence inherent in the body, but 
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The first of these integrals shows that the change of the 
momentum is equal to the time-integral of the force. By applying 
similar reasoning to the motion of a dynamical system we have 
been led in the last chapter to the general principle enunciated 
in Art. 283, and afterwards to its application in determining the 
changes produced by very great forces acting for a very short time. 
The second integral, shows that half the change of the vis viva 
is equal to the space-integral of the force. It is our object in this 
chapter to extend this result also, and to apply it to the general 
motion of a system of bodies. 


333. Wis viva. For purposes of description it is convenient 
to give names to the two sides of this equation. Twice the left- 
hand side is usually called the vis viva of the particle, a term 
introduced by Leibnitz about the year 1695. Half the wis viva 
as also called the kinetic energy of the particle. Many names have 
been given to the right-hand side at various times. It is now 
commonly called the work of the force #. When the force does 
not act in the direction of the motion of its point of application 
the term “work” requires a more extended definition. This we 
shall discuss in the next article. 


334, Work. Let a force F act at a point A of a body in the 
direction AB, and let us suppose the point A to move into any 
other position A’ very near A. If be the angle made by the direc- 
tion AB of the force with the direction AA’ of the displacement of 
the point of application, then the product #’. AA’. cos ¢ is called 
the work done by the force. If for @ we write the angle made 
by the direction AB of the force with the direction A’ A, opposite 
to the displacement, the product is called the work done against 
the force. If we drop a perpendicular A’ M on AB, the work done 
by the force is also equal to the product #'. AM, where AM is to 
be estimated as positive when in the direction of the force. If F”’ 
be the resolved part of F in the direction of the displacement, the 
work is also equal to #”. AA’. If several forces act, we can in the 
same way find the work done by each. The sum of all these is 
the work done by the whole system of forces. 


Thus defined, the work done by a force, corresponding to any 
indefinitely small displacement, is the same as the virtual moment 
of the force. In statics we are only concerned with the small 
hypothetical displacements given to the system in applying 
the principle of virtual work, and this definition is therefore 
sufficient. But in dynamics the bodies are in motion, and we 
simply use it as an abridged mode of expressing a fact. D’Alembert then points 
out that there are different kinds of obstacles and examines how their different 
kinds of resistances may be used as measures. It will perhaps be sufficient to 
observe, that the resistance may in some cases be more conveniently measured 
by a space-integral and in others by a time-integral. See Montucla’s History, 
Vol. 111. and Whewell’s History, Vol. 1. 


BaD: 18 


274 VIS VIVA [CHAP. VII 


must extend our definition of work to include the case of a 
displacement of any magnitude. When the points of application 
of the forces receive finite displacements we must divide the path 
of each into elements. The work done in each element may be 
found by the definition given above. The sum of all these is the 
whole work. 

It should be noticed that the work done by given forces, as the 
body moves from one given position to another, is independent of 
the time of transit. As stated in Art. 332, the work is a space- 
integral and not a time-integral. 


335. If two systems of forces be equivalent, the work done by 
one in any small displacement is equal to that done by the other. 
This follows at once from the principle of virtual work in statics. 
For if every force in one system be reversed in direction without 
altering its point of application or its magnitude, the two systems 
will be in equilibrium, and the sum of their virtual moments will 
therefore be zero. Restoring the system of forces to its original 
state, we see that the virtual moments of the two systems are 
equal. If the displacements are finite the same remark applies to 
each successive element of the displacement, and therefore to the 
whole displacement. 


336. We may now find an analytical expression for the work 
done by a system of forces. Let (a, y, z) be the rectangular 
coordinates of a particle of the system and let the mass of this 
particle be m. Let (X, Y, Z) be the accelerating forces acting on 
the particle resolved parallel to the axes of coordinates. Then 
mX, mY, mZ are the dynamical measures of the acting forces. 
Let us suppose the particle to move into the position #+ dz, 
y +dy,z+dz; then, according to the definition, the work done by 
the forces will be 

x (mX da+ mVdy + mZdz) ...cccccseceees (1); 
the summation extending to all the forces of the system. If the 
bodies receive any finite displacements, the whole work will be 


Snuf (X dot Vedat Zaz) ccts-.sceee ee (2), 
the limits of the integral being determined by the extreme 
positions of the system. 


337. Force-function. When the forces are such as gener- 
ally occur in nature, it will be proved that the summation (1) of 
the last Article is a complete differential, i.e. it can be integrated 
independently of any relation between the coordinates a, y, 2. 
The summation (2) can therefore be expressed as a function ot the 
coordinates of the system. When this is the case the indefinite 
integral of the summation (2) as called the force-function. This 
name was given to the function by Sir W. R. Hamilton and Jacobi 
independently of each other. 
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If the force-function be called U, the work done by the forces 

when the bodies move from one given position to another is the 
definite integral U,—U,, where U, and U, are the values of U 
corresponding to the two given positions of the bodies. It follows 
that the work is independent of the mode in which the system 
moves from the first given position to the second. In other words, 
the work depends on the coordinates of the two given extreme 
positions, and not on the coordinates of any intermediate position. 
When the forces are such as to possess this property, ie. when 
they possess a force-function, they have been called a conservative 
system of forces. This name was given by Sir W. Thomson, now 
Lord Kelvin. 


338. There will be a force-function, firstly, when the external 
forces tend to fixed centres at finite distances and are functions 
of the distances from those centres; and, secondly, when the forces 
due to the mutual attractions or repulsions of the particles of the 
system are functions of the distances between the attracting or 
repelling particles. 

Let m¢(r) be the action of any fixed centre of force on a 
particle m distant 7, estimated positive in the direction in which r 
is measured, i.e. from the centre of force. Then the summation (1) 
in Art. 336 is clearly 2m¢(r)dr. This is a complete differential. 
Thus the force-function exists and is equal to 2m/f¢(r) dr. 

Let mm’¢ (r) be the action between two particles m, m’ whose 
distance apart is 7, and as before let this force be considered 
positive when repulsive. Then the summation (1) becomes 
x=mm'p(r) dr. The force-function therefore exists, and is equal 
to Smm’'f[d (r) dr. 


If the law of attraction be the inverse square of the distance, 
P(r) = == and the integral is =i Thus the force-function differs 


from the Potential by a constant quantity. 


339. It is clear that there is nothing in the definition of the 
force-function to compel us to use Cartesian coordinates. If P, Q, 
&c. be forces acting on a particle, Pdp, Qdq, &c. their virtual 
moments, m the mass of the particle, then the force-function is 

U=Xmf(Pdp + Qdq + &c.), 
the summation extending to all the forces of the system. 

Ex. 1. If (p, ¢, z) be the cylindrical or semi-polar coordinates of the particle 
m; P, Q, Z the resolved parts of the forces respectively along and perpendicular to 
p and along z, prove that d(U= =m (Pdp+ Qpdp+ Zdz). 

Ex. 2. If (r, 0, ¢) be the polar coordinates of the particle m; P, Q, R the 
resolved parts of the forces respectively along the radius vector, perpendicular to it 
in the plane of 8, and perpendicular to that plane, prove that 

dU = 2m (Pdr + Qrdé + Rr sin 6d¢@). 


18—2 
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Ex, 3. If (2, y, 2) be the oblique Cartesian coordinates of m; X, Y, Z the 
components along the axes, prove that i 
dU =m {X (dx +v dy + judz) + Y (vd + dy +rdz) + Z (uda+rdy +dz)}, 
where (A, “4, ”) are the cosines of the angles between the axes yz, zx, xy respectively. 
This result is due to Poinsot, 


340. If a system receive any small displacement ds parallel to 
a given straight line and an angular displacement d@ round_the 
line, then the partial differential coefficients dU/ds and dU/dé 
represent respectively the resoived part of all the forces along the 
line and the moment of the forces about it. 


Since dU is the sum of the virtual moments of all the forces 
due to any displacement, it is independent of any particular co- 
ordinate axes. Let the straight line along which ds is measured 
be taken as the axis of z. Taking the same notation as before, 


dU = Xm(X d« + Ydy + Zdz). 
But dx =0, dy =0, and dz=ds, hence we have 
dU=ds.2mZ; .«. dU/ds=mZ. 


Here dU means the change produced in U by the single dis- 
placement of the system, taken as one body, parallel to the given 
straight line, through a space ds, 

Again, the moment of all the forces about the axis of z is 
Xm («Y —yX), but dx =— ydé, dy=ad0, and dz=0. Hence the 
above moment = _ Ses Ydy+Xd«+Zdz dU 


dé ee 
Here dU is the change produced in U by the single rotation 
of the system, taken as one body, round the given axis, through 


an angle dé. 


341. As considerable use will be made of the force-function, 
the student will find it advantageous to acquire a facility in 
writing down its form. The followmg examples have therefore 
been chosen as likely to be most useful. 


342. Work done by gravity. A system of bodies falls 
under the action of gravity. If M be the whole mass, h the space 
descended by the centre of gravity of the whole system, the work 
done by gravity is Mgh. See Art. 140. 

Let the axis of z be vertical and let the positive direction be downwards. Then 
in the summation (1) of Art. 336, X=0, Y=O and Z=g. Hence dU= Smgdz. IfzZ 
be the depth of the centre of gravity below the plane of xy, and C be any constant, 
we find U=Mgz+C. Taking this between limits we easily obtain the result given. 


Units of work. The theoretical unit of work is the work 
done by a dynamical unit of force acting through a unit of space. 
We may use the result of this example to supply a practical unit. 
The work required to raise the centre of gravity of a given mass 
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a given height at a given place may be taken as the unit of work. 
English engineers use a pound for the mass and a foot for the 
height, and the unit is then called a foot-pownd. The term Horse- 
power is used to express the work done per unit of time. The 
unit of horse-power is usually taken to be 33000 foot-pounds per 
minute. The duty of a steam-engine is the actual work done by 
the consumption of a unit quantity, usually a bushel, of coal. 


A more complete account of the various units used in dynamics is given in the 
author’s treatise on Dynamics of a Particle. 


Ex. 1. A force communicates to a particle whose mass is equal to that of a 
cubic foot of water a velocity of one foot per minute, Find the work in foot-pounds. 


Ex. 2. Determine the resistance of a steamer in tons when 8000 effective horse- 
power is required to drive it at 174 knots (of 6080 feet) per hour. 
[Univ. of London, 1886. 


Ex. 3. Supposing a tricycle and rider weighing together 200 lbs. to run 
uniformly at 8 miles an hour down an incline of one in 100 against the resistances 
of the air and of the road, without working the pedals; prove that to go up an 
incline of one in 200 at the same speed the rider must be working at the rate of :064 
of a horse-power; and that the mean pressure on each pedal will then be about 
12-672 lbs., supposing the cranks to be 5 inches long and to make 100 revolutions a 
minute. [Univ. of London, 1886. 

Ex. 4. Prove that the amount of work required to raise to the surface of the earth 
the homogeneous contents of a very small conical cavity, whose vertex is at the 
centre of the earth, is equal to that which would be expended in raising the whole 
mass of the contents through a space from the surface equal to one-fifth of the 
earth’s radius, supposing the force of gravity to remain constant. (Coll. Exam. 


343. Work of an elastic string. Ex. Ifthe length of an 
elastic string or rod which is uniformly stretched be altered, the 
work done by the tension is the product of the compression of the 
length and the arithmetic mean of the initial and final tensions. 


Let the length be altered from r to 7’. Let p be any length between these two, 
let 7 be the unstretched length, and let H be the constant of elasticity. The tension 
re) Shy = and acts opposite to the direction in which p is measured, The 
work done while p becomes p+dp is therefore equal to — Tdp. If we integrate this 


pub tene ve Oey ; 
from p=r to p=?" we find that the work required is a f(r’ —1)2-(r—1)?}. This 


leads at once to the result given. 

If a string becomes slack, the tension is supposed to vanish, and no work is 
done until the string again becomes tight. In applying the rule, the compression is 
the difference between the two terminal lengths if the string be tight in both, 
whether it has been slack or not during the various changes of length which may 
haye occurred during the process. If the string be slack in either terminal state we 
must in calculating the compression suppose the string to have its unstretched 
length in that terminal state, 

In the case of a rod the tension becomes negative when the rod is compressed, 
and the rule applies so long as the rod remains straight, and we can suppose 
Hooke’s law to be true. 
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If the string is not straight but is uniformly stretched over a surface or in a 
fine tube, the same rule to find the work is still true. To prove this, we divide the 
string into elements, each of which may be considered as straight. When the 
whole string is now uniformly stretched, the work done is the mean of the tensions 
into the sum of the contractions of all the elements. This last is clearly the con- 
traction of the whole string. 


If the surface be fixed the string cannot contract without one, at least, of the 
extremities moving, and in this case the work is done at that extremity. 


If the surface move, and the extremities of the string be fixed in space, the work 
is transferred to the surface by means of the reactions. If the string have no 
effective forces, these reactions are in equilibrium with the tensions at the points 
A, B where the string leaves the surface. Now let the surface receive any small 
displacement. By the principle of virtual work the work done by the reactions 
on the surface is equal to that done by the two equal tensions at the points A, B. 
But this work is the instantaneous tension into the contraction of the string, i.e. it 
is —Tdp. If the surface receive a finite displacement, the work done is the integral 
of this expression, and the rule is of course the same as before. 


Whether the string have mass or not, we may consider each separate element of 
it as one of the moving bodies whose motion enters into the equation of vis 
viva. The work done by the contraction of all the elements is to be regarded as 
distributed over all the bodies. The work done by the equal and opposite reactions 
between the string and surface will then be zero. 


344. Work of collecting a body. Ex. 1. Ifm, m’ be the 


masses of two particles attracting each other with a force = ; 
if 


where r is the distance between them, show that the work done by 
the mutual force when they have moved from an infinite distance 


apart to a distance r 1s — This follows from Art. 338. If the 


particles repel each other we regard either m or m’ as negative. 


Ex. 2. Let two finite masses M, M’ attract each other and 
occupy given positions. Prove that the work of bringing the par- 
ticles of one from infinite distances apart into their given positions 
under the attraction of the second, supposed fixed in its given 
position, is the same as that of bringing the particles of the second 
from infinity into their positions ander the attraction of the first. 
Prove also that this work may be found by taking both bodies in 
their final positions and multiplying the mass of each element of 
one body by the potential of the other at that element, then inte- 
grating throughout the volume of the former body. This integral is 
sometimes called the mutual work or the mutual potential of the 
two bodies. 


Let there be two sets of attracting particles which we may represent by 
M1, My, &C., My’, me’, &c., and let the particles of each set attract the particles of 
the other set, but not the particles of its own set. Suppose the particles My, Mg, &e. 
to occupy any given positions, and let one particle m/ of the second set be brought 
from an infinite distance to any given position, say to a position at distances 
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7157, &c. from the particles m,, m,,&c. The work done is m’ = eee te.) =U. Va 
up 
where V is the potential of the attracting masses at the given position of m’. 
Let us now bring in succession all the particles m,’, m,/, &c. from infinite 
distances to their given final positions under the attraction solely of the masses 
M1, Mz, &e. The whole work is 2m’'V, which may also be written in the sym- 


: mm’ : : é 
metrical form > _, where r is the distance between the particles m, m’, and the 


>= implies summation for every combination of each particle of one set with each 
particle of the other. This symmetrical form proves the first part of the pro- 
position. 

The particles may be elementary, and in that case we see that the work of 
collecting any mass M’ into a given position under the attraction of a mass M 
placed in a given position is equal to {V dm’, where V is the potential of the mass 
M at the final position of dm’ and the integration extends over the whole mass 
of M’. 


Ex. 3. If the particles composing any given mass were sepa- 
rated from each other, work might be obtained from their mutual 
attractions by allowing the particles to approach each other. The 
work thus obtained is greatest when the particles are collected 
together from infinite distances. If dv be an element of volume 
of a solid mass attracting according to the law of nature, p the 
density of the element, V the potential of the solid mass at the 
element dv, prove that the work performed in collecting the particles 
composing the mass from infinite distances is 4 [Vpdv. 


The problem of determining how much work can be obtained 
from the bodies forming the solar system by allowing them to 
consolidate into a solid mass has been considered by several philo- 
sophers. Sir W. Thomson has calculated that the potential energy 
or the work which can be obtained from the existing solar system 
is 38 x 10” foot-pounds. Hdin. Trans. 1854. 


As we bring the particles in succession into their proper places we find the 
whole work by multiplying the mass of each by the potential at it of the mass 
already collected and summing the products. We shall prove that the same result 
is obtained by multiplying the mass of each by the potential at it of the whole mass 
finally collected together, provided we take only half the sum. 


Let m,, my, &c. be the masses of the particles; let (1, 2); (2, 3); &c. be the 
distances between the masses m,, My; mM, m3; &c. in the given final arrangement. 
Supposing the particles m,, m,, ... My; to have been brought into their proper 
places, let us bring m, from infinity into its place under the attraction of 
My, My, .-. My1+ The work is 


My, Me Ts 
m ote Sr 000-1 . 
Me 10 n) (2, n) " (n—1, n) 

Thus m, is taken once with each of the masses m,, my, ... Mp-;. When we 
bring in succession my11, M42, &¢c. from infinity we obtain a similar series for 
each, and therefore m,, is taken once with each of these masses as it is brought in. 
Thus m,, is taken once with every mass except itself. If m, m’ are the masses of 
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any two particles, 7 their distance apart in the final arrangement, we may write the 
work in the form V=z—— 5 
If V, is the potential in the given final arrangement at the particle m, of all 


Ms 


the particles except itself, V,;= Ge oat accu Tet V,, Vz, &c. have similar 


(1,2) (1, 3) 
meanings. We shall now consider how often the mass m, occurs in the expression 
Vim, +Vym,+.... It occurs once in V;m, combined with m,, once in Vzm, com- 


bined with m,, and so on. Again it occurs in V,,m, combined with every other mass. 
Thus on the whole m, occurs twice combined with every other mass. It follows 
that the work of collecting the body into the given arrangement is 

U=4 (Vim, + Vome+...)=4 ZV. 

We have thus two rules to find the work of collecting a system of particles ; 
(1) the work is the sum of the products of the masses taken two together, divided 
by the distance ; (2) the work is half the sum of the products of the mass of each 
particle by the potential at that particle of the rest of the system. For two particles 


these rules give respectively mm and x 7 mem! s : 
os r imeen ip 

In finding the potential of any solid mass at any point P we may disregard the 
matter within any indefinitely small element enclosing P if its density be finite. 
For, since potential is ‘‘ mass divided by distance,” and the mass varies as the cube 
of the linear dimensions, it follows that the potential of similar figures at points 
similarly situated must vary as the square of the linear dimensions and must vanish 
when the mass becomes elementary and the distance indefinitely small. In apply- 
ing, therefore, the form U=42Vm to a solid body we may write pdv for m, and take 
V to be the potential of the whole mass at the element dv. 


Ex. 4. The particles composing a homogeneous sphere of mass M and radius r 


were originally at infinite distances from each other. Prove that the work done by 
2 


their mutual attractions is : = c 


Ex. 5. The particles of a homogeneous ellipsoid, whose mass is M and semiaxes 
are a, b, c, are collected from infinite distances, show that the work done is 
3 We | <2 eS ; 
10 0 Y(a®+A) (02+) (c? +2) 


Kx. 6. Ifa given system is regarded as the sum of two masses 
M, M'’, external to each other, the work of collecting the particles 
of the system M+M’ is equal to the sum of the works of collecting 
M, M’ separately plus the mutual potential of M and M’. 


If a given system is regarded as the difference M— M’ of two 
masses M, M’ (the second being a part of the first) the work 
of collecting M—M’ is equal to the sum of the works of collecting 
M, M’ separately minus the mutual potential of M and M’. 


To prove the first theorem, let M, M’ be the masses already collected. Let us 
bring an additional particle dM from an infinite distance and add it to the mass M. 
The addition to the work of collecting M+ M’, is that due to the attraction of M 
plus that due to the attraction of M’. The first of these is the addition required to 
change the work of collecting M into that of collecting M+dM, the second changes 
the mutual work of (M, M’) into that of (M+dM, M’). It follows, by symmetry, 
that an addition to M’ also does not disturb the equality. 
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In the same way we may prove that the second equality is not disturbed by 
giving increments dM, dM’ in succession to M, M’. The following verification of 
a simple case will indicate another mode of proof. 


To simplify the second theorem, let us suppose that the body M contains four 
particles m,, m,, m,’, m,’ while the body M’ has two particles m,’, m,’ which are 
common to both bodies. The works of collecting M-—M’ and M’ are respectively 
My Mz m/s! 
Tey ee (12’) ° 


The work of collecting M is 


MM MM" MM’ MyM,’ MygmMy _—-My/Me! 
(12) * ay * G2) * 1) + @2) * 029° 
The mutual potential of M, M’ is 


m (a eee ay ) +m (at Thy my! i) 

Cy ery” (ey) 0 \ (ray (8219) 

where, as explained above, the term m,’ is omitted in the first bracket and m,’ in the 
second. The theorem follows by an obvious substitution. 


Ex. 7. A quantity of homogeneous matter is bounded by two spheres which do 
not intersect, one sphere being wholly within the other, The radii of the spheres 
are a and b, and the distance between the centres is c. Show that the work of 
CP Ce? SO? "st 


: ‘ ae : . (4p)? 

collecting this matter from infinite distances is 3 15 SegmN Tea 

345. Work of a gaseous pressure. Hx. 1. An envelope 
of any shape, whose volume is v, contains gas at a uniform 
pressure p. Assuming that the pressure of the gas per unit of 
area is some function of the volume occupied by it, prove that the 
work done by the pressure when the volume increases from v =a, to 
v=bis [pdv, the limits being v=a to v=b. 


Divide the surface into elementary areas each equal to do, then pdo is the 
pressure on do. When the volume has increased to v + dv, let any element do take 
the position do’, and let dn be the length of the perpendicular drawn from the 
central point of do’ on the plane of do, then pdodn is the work done by the pressure 
on do and p{dodn is the work done over the whole area. But dedn is the volume 
of the oblique cylinder whose base is do and opposite face do’; so that Jdodn i is the 
whole increment of volume. The whole work done when the volume increases by 
dv is therefore pdv. 


Ex. 2. A spherical envelope of radius a contains gas at pressure P. Assuming 
that the pressure of the gas per unit of area is inversely proportional to the volume 
oceupied by it, prove that the work required to compress the envelope into a sphere 
of radius b is 4ra?P log a/b. 

Ex. 3. An envelope of any shape contains gas and the shape is altered 
without altering the volume. Show that the work done over the whole surface 
is zero. 

Ex. 4. A hollow cylinder contains equal masses of two different elastic fluids 
at the same pressure P separated by a piston without weight. Show that the 
work done in moving the piston till the densities of the two fluids are inter- 
changed is PA (a—b)loga/b, where A is the area of the piston, and a, b are the 


lengths of the portions of the cylinder occupied by the fluid, 
[Pembroke College, 1868. 


Ex. 5. A mass of air of uniform density p(1+s) is enclosed in an envelope and 
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surrounded by air of atmospheric density p. If the mass expand until its density is 


equal to that of the atmosphere, prove that the work done is k (108 (1 +8) -745) 
where k is the product of the pressure and the volume. If s be small the work is 


very nearly 4ks%, This result is useful in the theory of sound, 


346. Work of an Impulse. Ex. 1. An impulsive force 
acts on a body in a fixed direction in space. Show that, if F be 
the whole momentum communicated by the force, u, wu, the velo- 
cities of the point of application, resolved in the direction of the 
force, just before and just after the impulse, the work done by the 
impulse is $F (uw +%). This result is given in Thomson and Tait’s 
Natural Philosophy. 


When a force is measured in the usual way by the momentum generated per unit 
of time, the work is measured by the product of the force into the resolved displace- 
ment. But impulses are not so measured, we cannot therefore directly apply this 
rule to find the work of an impulse. 


Let us regard the impulse as the limit of a finite force acting in the fixed direc- 
tion for a very short time 7. Let the direction of the axis of # be taken parallel to 
the fixed direction and let X be the whole momentum communicated during a time 
t measured from the commencement of the impulse. Here ¢ is any time less than 
T, and X varies from zero to F as t varies from 0 to T. Also, since X is the whole 
momentum up to the time ¢, X is the acting force on the body at the time t. Let 
wu be the resolved velocity of the point of application at the time t, then up and w, are 
the values of w when t=O andt=TZ. Since wdt is the space described in the time dt 
by the point of application of the force X, the work done in the time 7’ is {udX, 
from X=0 to F. To integrate this we must know what function wu is of X. 


If the body be a particle of mass m, we know that, when the time of action is very 
small, m (w—uo)= X, hence, substituting for w, we find after integrating uy +4F?/m. 
When X=F we have by definition w=%,, .. m(u,-uw)=F. Eliminating m, we find 
the work is $F (ug+,). 

If the body be moving in two dimensions, let % be the velocity of the centre of 
gravity at the time t resolved parallel to the direction of the impulse, and w the 
angular velocity; we then have by Arts. 168 and 137 


m (tt — up) =X, mk? (w — wo) = Xp, u=t%+ wp. 
Hence w=uo+ LX, where L is a quantity independent of X and therefore constant 
during the integration. Substituting for w, the integral takes the form F (ug+4LF). 
But as before uj=u9+ LF. Eliminating L the result follows at once. 
If the body be moving in three dimensions, the velocity u is known by Art. 313 
to be a linear function of X,so that we may write w=w9+ LX, where L is a constant 
depending on the nature of the body. Substituting this value of u, we have the 


; 19: : F 
work equal to {(ug+LX)dX=uF+L— , the limits being 0to F. But Uj =Uo+ LF. 
Eliminating L we find that the work=4 (wg+ u) F. 


Ex. 2. If one blow F, be followed immediately by a second blow F, at the same 
point in the same straight line, and if wo, w,, wg be the resolved velocities of the point 
of application before and after the blows, verify that the work 3 (uo + u,) (F, + F2) of 
the whole blow is the sum of the works of the separate blows, viz. 4 (ug + Uy) F, and 
% (Wj +Uz) 2. This follows at once, since w=u9+LFy and u=w +LF,. The 
results of Ex. 3 may be deduced from Ex. 1 in this manner. 
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Ex. 3. Find the work done by an impulse whose direction is not necessarily 
the same during the indefinitely short duration of the force. 


Let X, Y, Z be the components of the whole momentum given to the body in 
any time t measured from the commencement of the impulse. Let u, v, w be the 
resolved velocities of the point of application at the time t. Then, by the same 
ay 

( 


reasoning as before, the work done= Xut+ Yot Zw) dt. But by Art. 314 when 7 


0 
aha : dE dE dE ; 
is indefinitely small W=Uy tae» Vt Gy» W=Wot ey where # is a known 
quadratic function of (X, Y, Z) depending on the nature of the body. Substituting 
we have the work 
ak di 


dk 
=U Xy HV) Y1 + WZ, 4+ Ie aX + aY+—a5 az) =X, +09¥,+ Fy +2, 


where X,, Y,, Z,, H, are the values of X, Y, Z, EH when t=T. 


We may eliminate the form of the body and express the work in terms of 
the resolved velocities of the point of application just after the termination of the 
impulse. Since H, is a homogeneous quadratic function of X,, Y,,.4,, we have 


dE di dE 
22 =a, X\+ iv, Yi+a7, Z1 = (1, — Up) Xy + (Y1 — Vo) Y + (wi - Wo) Z,- 
Substituting we find the work= 07 “I Xy+ veo) Y,4 eee Zi. 


347. Work of a membrane equally stretched in all directions. Consider 
a rectangle whose sides are a and b, which may be considered as an element. Let 
LT be the tension across any line referred as usual to a unit of length. The tension 
across the side a is Ta, and when the side b has increased to b’ the work done by 
these will be Ta(b’—b). Supposing the tension across the side b’ to be still 7 
(which is true when the rectangle is an element), the tension across the whole 
length ‘will be Tb’, and, when the side a becomes a’, the work will be Tb’ (a’—a). 


The whole work is therefore T (a’b’—ab), i.e. the work is the product of the 
tension and the change of area. 

If the membrane is spherical, the area is 477r?._ The increase of area is therefore 
8mrrdr. Hence the work done by the tensions when the radius is increased from 
r=a to r=b is 8r{Trdr, the limits being r=a to b. 

If the membrane be such that we may apply Hooke’s law to the tension 7, 

— , where a is the natural radius of the membrane and ZH is the 
coefficient of elasticity. Substituting this value of 7 we find that the work done 


Ate . 4 E 
by the tensions, when the radius increases from a to }, is s - (b—a)? (2b+<a). 


3 

If we assume that for a soap-bubble 7 is constant, we find that the work done 
when the radius increases from a to b is 4rT (b? — a?). 

If we suppose the spherical membrane to be slowly stretched by filling it with 
gas at a pressure p, we have by a theorem in hydrostatics pr=27. In this case the 
work required has been shown to be {pdv, and, since v= 477°, this leads to the same 
result as before. 


we have T=H 


348. Work of a couple. Ex. A given couple is moved in 
its own plane from one position to another; show that the work is 
the product of its moment by the angle turned through. 
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Any displacement of a couple is equivalent to a rotation round one extremity 
of its arm and a transference of the whole couple parallel to itself. The work 
done by the two forces during the transference is ‘clearly zero. We need therefore 
only consider the work done during the rotation. 

Let F be the force, a the length of the arm, and let the couple be turned round 
one extremity A of its arm through an angle dé. The force at A does no work, and 
the work done by the other force is F’.ad@. Integrating this we have the work done 
by the couple when it turns through any finite angle. 


349. Work of bending a rod. Ex. 1. A rod originally 
straight is bent in one plane. If L be the stress couple at any 
point, p the radius of curvature, it is known both by experiment 


E : 
and by theory that 1 =—, where # is a constant depending on the 


nature of the material, and the form of a section of the rod. 
Assuming this, prove (1) when the rod is bent into a given form, so 
that p is a known function of s (whether the forces are known or 


not) the work ws 4 [pas (2) when the rod is bent by known forces 
so that J is a known function of s (whether the form of the rod is 
known or not) the work ws $ | A ds. ‘The limits of integration are 
from one end of the rod to the other. 


Let PQ be any element of the rod and let its length be ds. As PQ is being bent, 
let y be the indefinitely small angle between the tangents at its extremities, then 


v 


the stress couple is H ae As y increases from 0 to as the work done is 2 | vav, 
p 8 


eee Ed 
which is the same as Sa . The work done on the whole rod is therefore : | Eas. 
p 
Ex. 2, A uniform heavy rod of length / and weight w is supported at its two 
extremities so as to be horizontal. Show that the work done by gravity in bending 
wl 


Ex.3, A uniform light rod is supported at its extremities 4 and B, and supports 
aweight w at any point C. If dC=a, BC=b andl=a+b, the work done by gravity 
wa? b> 

6H ° 


in bending the rod is 


Conservation of Vis Viva and Energy. 


350. Der, The Vis Viva of a particle is the product of its 
mass and the square of its velocity. 


The principle of vis viva. Jf a system be in motion under 
the action of finite forces, and if the geometrical relations of the 
parts of the system be expressed by equations which do not con- 
tain the tume explicitly, the change in the vis viva of the system in 
passing from any one position to any other is equal to twice the 
corresponding work done by the forces. 
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In determining the force-function all forces may be omitted 
which do not appear in the equation of virtual work. 


Let «, y,z be the coordinates of any particle m, and let X, Y,Z 
be the resolved parts in the directions of the axes of the impressed 
accelerating forces acting on the particle. 


The effective forces acting on the particle m at any time ¢ are 
die geet atte 
If the effective forces on all the particles be reversed, they will be 
in equilibrium with the whole group of impressed forces, by Art. 67. 
Hence, by the principle of virtual work, 
( a) ( -52) ( - $2) Z 
aN a a éa+(V ap by +(Z ah 62; = 0, 

where 62, dy, 6z are any small arbitrary displacements of the par- 
ticle m consistent with the geometrical relations at the time t. 


Now if the geometrical relations are expressed by equations 
which do not contain the time explicitly, the geometrical relations 
which hold at the time ¢ will hold throughout the time 8; and, 
therefore, we can take the arbitrary displacements dz, dy, dz to be 
EOE UE AE 
di ét, ai bt, doe 


respectively equal to the actual displacements 
of the particle in the time é¢. 
Making this substitution, the equation becomes 
Pada Pydy zd _ da dy a) 
Sm (ie dit ae dt * deat) 2 (% get? art ai) 
Integrating, we get 
dx\? _ (dy\? | (dz\*) _ i 
Se Ge zt (st) A (5) L=c+ 25m | (Xde + Vdy + Zdz), 


where C is a constant to be determined by the initial conditions 
of motion. 


Let v and wv’ be the velocities of the particle m at the times 
t and ¢. Also let U,, U, be the values of the force-function 
for the system in the two positions which it has at the times 


tand ¢. Then Lmv? — Smo? = 2 (U, — U4). 


351. The following illustration, taken from Poisson, may show 
more clearly why it is necessary that the geometrical relations 
should not contain the time explicitly. Let, for example, 


Pi CARO iat KY) cece ar. 3 Soe RrerE ee (1) 


be any geometrical relation connecting the coordinates of the 
particle m. This may be regarded as the equation to a moving 
surface on which the particle is constrained to rest. The quantities 
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Sa, Sy, Sz are the projections on the axes of any arbitrary 
displacement of the particle m consistent with the geometrical 
relations which hold at the time ¢ They must therefore satisfy 


the equation dd dd apo 
7 ba + ay by + aE o2= 0; 
The quantities a ot wD ot dé St are the projections on the 
q dt’ dt°” dt 


axes of the displacement of the particle due to its motion in the 
time d¢. They must therefore satisfy the equation 


do dx dp dy dd dz dpe 
dé dis adams aot + at ob =A): 


dd. : 
Hence, unless ake is zero throughout the whole motion, we 


dt 
; de. Sy x wAz 
cannot take da, dy, 6z to be respectively equal to Ai ot, = ot, ai ot. 


The equation oes 0 expresses the condition that the geometrical 


dt 


equation (1) should not contain the time explicitly. 


352. The great advantage of this principle is that it gives 
at once a relation between the velocities of the bodies considered 
and the variables or coordinates which determine their positions 
in space, so that when, from the nature of the problem, the 
positions of all the bodies may be made to depend on one variable, 
the equation of vis viva is sufficient to determine the motion. 
In general the principle of vis viva will give a first integral of 
the equations of motion of the second order. If, at the same 
time, some of the other principles enunciated in Art. 282 can be 
applied to the bodies under consideration, so that the whole number 
of equations thus obtained is equal to the number of independent 
coordinates of the system, it becomes unnecessary to write down 
any equations of motion of the second order. See Art. 143. 


The principle of vis viva was first used by Huygens in his determination of 
the centre of oscillation of a body, but in a form different from that now used. See 
the note to Art. 92. The principle was extended by John Bernoulli and applied by 
his son, Daniel Bernoulli, to the solution of a great variety of problems, such as the 
motion of fluids in vases, and the motion of rigid bodies under certain given con- 
ditions. See Montucla, Histoire des Mathématiques, Tome x11. 


353. Initial motion. Suppose the system to begin to move from rest under 
the action of the forces X, Y, Z, &e. After a time dt the vis viva is given by. 
Zmv’=2Dm (Xda + Ydy+Zdz). 
The left-hand side of this equation is necessarily positive. We therefore infer that 
if a system start from rest, the initial motion must be such that the virtual work of 
the forces for that motion must be positive. 


There may be several different ways (geometrically considered) in which the 
system could begin to move from its initial state of rest. Let the system be 
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compelled to take any one of these ways of motion by obliging a sufficient number 
of its points to describe certain smooth curves, or by introducing any forces which 
have no virtual work for that particular mode of displacement. The system can 
now move only in one way, or as we often express it, the system has only one path 
open. There are two directions in which it can travel along this path. The 
question arises—in which direction will it begin to move? Since the virtual work of 
the forces is in general positive for one of these directions and negative for the 
other, the system must begin to move along the former. 


354. Examples of the principle. If a system be under the action of no 
external forces, we have X=0, Y=0, Z=0, and hence the vis viva of the system is 
constant, 


If, however, the mutual reactions between the particles of the system are such 
as do appear in the equation of virtual work, then the vis viva of the system 
will not be constant. Thus, even if the solar system were not acted on by any 
external forces, its vis viva would not be constant. For the mutual attractions 
between the several planets are reactions between particles whose distances do not 
remain the same, and hence the sum of the virtual works is not zero. 

Again, if the earth be regarded as a body rotating about an axis and in course 
of time slowly contracting from loss of heat, the vis viva will not be constant, for 
the same reason as before. The increase of angular velocity produced by this con- 
traction can be easily found by the principle of angular momentum. See Art. 299. 


355. Let gravity be the only force acting on the system. Let the axis of z be 
vertical, then we have X=0, Y=0, Z7=-—g. Hence the equation of vis viva becomes 
=mv'" — Zmv? = — 2Mg (z’ —z). 

Thus the vis viva of the system depends only on the altitude of the centre of 
gravity. If any horizontal plane be drawn, the vis viva of the system is the same 
whenever the centre of gravity passes through the plane. See Art. 142. 

356. Ex. If a system in motion pass through a position of equilibrium, i.e. a 
position in which, if placed at rest, it would remain in equilibrium under the action 
of the forces, prove that the vis viva of the system is either a maximum or a 
minimum, De Courtivron’s Theorem, Mém. de lV Acad. 1748 and 1749. 


357. The equation of virtual work in statics is known to 
contain in one formula all the conditions of equilibrium. In the 
same way the general equation 


Sm (Ga bo SE ye 


ip de by + TP 2) = Bin (X 0 + Y dy + Z8z) 

may be made to give all the equations of motion by properly 
choosing the arbitrary displacements 6a, dy, dz. In Art. 350 
we made one choice of these displacements and thus obtained an 
equation in an integrable form. 

If we give the whole system a displacement parallel to the axis 
of z we have 6a=0, dy=0, and 6z is arbitrary. The equation 
dz 
rin 
three first general equations of motion in Art. 72. 


then becomes Sm x<mZ, which represents any one of the 


If we give the whole system a displacement round the axis 
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of z through an angle 60, we have aa dy = 280, 62=0. 
2 2a 
The equation then becomes Lm (« Bh y Fe) = im(aY —yX), 


which represents any one of the last three general equations of 
motion in Art. 72. 


358. Potential and kinetic energy*. Suppose a weight 
mg to be placed at any height h above the surface of the earth. 
As it falls through a height z, the force of gravity does work which 
is measured by mgz. The weight acquires a velocity v, half of 
its vis viva is £mv*, which is known to be equal to mgz. If the 
weight fall through the remainder of the height h, gravity may be 
made to do more work, measured by mg (h—z). When the weight 
has reached the ground, it has fallen as far as the circumstances 
of the case permit, and no more work can be done by gravity 
until the weight has been lifted up again. Throughout the motion 
we see that, when the weight has descended any space z, half its 
vis viva, together with the work that can be done during the rest 
of the descent, is independent of z and equal to the work done by 
gravity during the whole descent h. 


If we complicate the motion by making the weight work some 
machine during its descent, the same theorem is still true. By 
the principle of vis viva, proved in Art. 350, half the vis viva of 
the particle, when it has descended any space z, is equal to the 
work mgz which has been done by gravity during this descent, 
diminished by the work done on the machine. Hence, as before, 
half the vis viva, together with the difference between the work 
done by gravity and that done on the machine during the re- 
mainder of the descent, is constant and equal to the excess of the 
work done by gravity over that done on the machine during the 
whole descent. 


Let us now extend this principle to the general case of a 
system of bodies acted on by any conservative system of forces. 


359. Let us select some position of a moving system of bodies 
as a position of reference. This may be an actual final position 
passed through by the system in its motion, or any position which 
it may be convenient to choose, into which the system could be 
moved. Suppose the system to start from some position which we 
may call A, and at the time ¢, to occupy some position P. Then 
at the time ¢, half the vis viva generated is equal to the work 
done from A to P. Hence half the vis viva at P together with 


* Coriolis, Helmholtz and others have suggested that it would be more con- 
venient if the vis viva were defined to be half the sum of the products of the 
masses into the squares of the velocities. See Phil. Trans. 1854, p. 89. But this 
change in the meaning of a term so widely established in Europe would be very 
likely to cause some confusion. It seems better for the present to use another 
name, such as kinetic energy. 
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the work which can be done from P to the position of reference 
is constant for all positions of P. 


To express this, the word energy has been used. Half the vis 
viva is called the kinetic energy of the system. The work which 
the forces can do as the system is moved from its existing position 
to the position of reference is called the potential energy of the 
system. The sum of the kinetic and potential energies is called 
the energy of the system. The principle of the conservation of 
energy may be thus enunciated :— 


When a system moves under any conservative forces, the sum of 
the kinetic and potential energies is constant throughout the motion. 


360. The distinction between work done and potential energy 
may be analytically stated thus. The force-function has been 
defined in Art. 337 to be the indefinite integral of the virtual 
work of the forces. As the system moves the work done is 
the definite integral taken with its lower limit determined by 
some standard position of reference, which we may call C, and 
its upper limit determined by the instantaneous position of the 
system. The potential energy is the definite integral taken with 
its upper limit determined by some fixed position of reference 
which we may call D, and its lower limit determined by the 
instantaneous position of the system. If the two fixed positions 
of reference which we have distinguished by the letters C and D 
are identical, the work integral is the same as the potential integral 
with its sign changed. But this is not generally the case; the 
positions of reference are chosen each to suit the particular integral 
In connection with which it is used. 


361. Examples of Potential Energy. Hx.1. 4d particle describes an ellipse 
freely about a centre of force in its centre. Find the whole energy of its motion. 

Let m be the mass of the particle, r its distance at any time from the centre, 
ur the accelerating force on the particle. If coincidence of the particle with the 
centre of force be taken as the position of reference, the potential energy by Art. 360 
is {(—mpr) dr=}myur? when taken between the limits r=r to r=0. If 1” be the 
semi-conjugate of 7, the velocity of the particle is 7’,/u and the kinetic energy is 
therefore }mur”. As the particle describes its ellipse round the centre of force, the 
sum of the potential and kinetic energies is equal to 4mp (a? +b?) where a and b are 
the semi-axes of the ellipse. 

Ex. 2. A particle describes an ellipse freely about a centre of force in the 
centre. Show that the mean kinetic energy during a complete revolution is equal 
to the mean potential energy; the means being taken with regard to time. 

Ex, 3. If in the last example the means be taken with regard to the angle 
described round the centre, the difference of the means is $m (a-—b)?. 

Ex. 4. A mass M of fluid is running round a circular channel of radius a with 
velocity u, another equal mass of fluid is running round a channel of radius b with 
velocity v, the radius of one channel is made to increase and the other to decrease 
until each has the original value of the other, show that the work required to pro- 
duce the change is ; (5 = ) (b? — a?) M. [Math. Tripos, 1866. 


R. D. Ale. 
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362. List of Forces to be omitted. In applying the principle of vis viva to 
any actual cases, it is important to know beforehand what forces and internal 
reactions may be disregarded in forming the equation. The general rule is that all 
forces may be neglected which do not appear in the equation of virtual work. 
These forces may be enumerated as follows: 


A. Those reactions whose virtual displacements are zero. 

1. Any force whose line of action passes through an instantaneous axis; as 
rolling friction, but not sliding friction or the resistance of any medium. 

2. Any force whose line of action is perpendicular to the direction of motion 
of the point of application; as the reaction of a smooth fixed surface, but not that 
of a moving surface. 

B. Those reactions whose virtual displacements are not zero and which there- 
fore would enter into the equation, but disappear when joined to other reactions. 

1. The reaction between two particles whose distance apart remains the same ; 
as the tension of an inextensible string, but not that of an elastic string. 

2. The reaction between two rigid bodies, parts of the same system, which roll 
on each other. It is necessary however to include both these bodies in the same 
equation of vis viva. 

C. All tensions which act along inextensible strings, even though the strings 
are bent by passing through smooth fixed rings. 

For let a string whose tension is 7 connect the particles m, m’, and pass through 
a ring distant respectively r, r’ from the particles. The virtual work is clearly 
— Tér— Tdr’, because the tension acts along the string. But, since the string is 
inextensible, 67+67’=0; therefore the virtual work is zero. 


363. Expressions for the vis viva of a rigid body in 
motion. If a body move in any manner its vis viva at any instant 
is equal to the vis viva of the whole mass collected at its centre 
of gravity, together with the vis viva due to motion round the 
centre of gravity considered as a fixed point: or 


the ws viva of a body = vis viva due to translation 
+ vis viva due to rotation. 

Let «, y, z be the coordinates of a particle whose mass is m 
and velocity v, and let %, 7, z be the coordinates of the centre of 
gravity G of the body. Let s=%@+é& y=Y4+n,z2=24+6. Then, 
by a property of the centre of gravity, }mE=0, Smn=0, Smeb=0. 


d d d 
Hence sn E = 0, ~m a 0, Sm a= 0. Now the vis viva of 


a body is ate dz\? /dy\?  /dz\? 
Sm =m \(F) +(a +()t- 


Substituting for x, y, z, this becomes 


dx? dy? dz\2 dé\? dn\? adt\? 
ee \(a) a (ai) es (a) ea ia +(n) + a) } 
dz dé dy dn dz de 
S: 7 
Tamer imaniiie ir apes 
All the terms in the last line vanish, as they should do, by Art. 14. 


+2 
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The first term in the first line is the vis viva of the whole mass 
=m, collected at the centre of gravity. The second term is the 
vis viva due to rotation round the centre of gravity. 

This expression for the vis viva may be put into a more con- 
venient shape. 


364. Firstly. Let the motion be in two dimensions. See Art.139. 
Let v be the velocity of the centre of gravity, 7, @ its polar co- 
ordinates referred to any origin in the plane of motion. Let r, 
be the distance from the centre of gravity of any particle whose 
mass 1s m, and let v, be its velocity relatively to the centre of 
gravity. Let be the angular velocity of the whole body about 
the centre of gravity, and Mk? its moment of inertia about the 
same point. 

The vis viva of the whole mass collected at G is Mv?, which 
may be put into either of the forms 


4 (da\? /dy\? Ci Name 0c 
ate = (GE) + (Ge) =a) + * (Ge) f 

The vis viva about G is Smvy. But since the body is turning 
about G, we have v,=7,0. Hence =mv,=o?. =mrZ2 =o. Mk. 

The whole vis viva of the body is therefore 

lm’ = Mv? + Mk’ o. 

If the body be turning about an instantaneous axis, whose 

distance from the centre of gravity is r, we have v=rw. Hence 
mv? = Mo? (r? + k?) = Mk? o?, 
where Mk? is the moment of inertia about the instantaneous axis. 

Secondly. Let the motion be in space of three dimensions. 

Let 0 be the velocity of G; 7, 6, @ its polar coordinates 
referred to any origin. Let ,, a,, @, be the angular velocities 
of the body about any three axes at right angles meeting in G, 
and let A, B, C be the moments of inertia of the body about the 
axes. Let &,m, € be the coordinates of a particle m referred to 
these axes. 

The vis viva of the whole mass collected at G is Mv?, which 
may be put equal to 


((dz\?  (dy\? ea Uo ae eo n(@ ; 
M (a) a) +(% for at (ui) ce 0(c ae it) 
according as we wish to use Cartesian or polar coordinates. 

The vis viva due to the motion about G is 


sa sn {(28)« (22) 5 (SY 
Smv2 = ym (3 of (a) > (5) 
d d d 
But oF = yl aan, Gp eek ~ O28 = on — ay€ : 
19—2 


292 VIS VIVA [CHAP. VII 


Substituting these values, we get, since A= =m (n? + &), 
B= Xm (+ &), C= Xm (E+ 0), / 
mv? = Ae,? + Bo,? + Co? 
—2(SmEn) oz, — 2 (mb) wo, 0, — 2(2MEE) @,02- 


We may find the vis viva of the motion about G in another manner. Let & be 
the angular velocity about the instantaneous axis, I the moment of inertia about 
it. The vis viva is then clearly J0?. Now I is found in Art. 15, and in our case 
w =a, w,=0B, w,=Qy, following the notation of that article. Eliminating a, 8, 7 
we get the same result as before. 


If the axes of coordinates be the principal axes at G, this 
reduces to mv? = Ao,+ Bo ?+ Co?. 


If the body be turning about a point O, whose position is fixed 
for the moment, the vis viva may be proved in the same way to be 


mr? = A’e,? + Bo, + C'w?, 
where A’, B’, C’ are the principal moments of inertia at the point 


O, and wz, @,, @, are the angular velocities of the body about the 
principal axes at O. 


365. Examples of vis viva. HEx.1. A rigid body of mass M is moving in 
space in any manner, and its position is determined by the coordinates of its 
centre of gravity and the angles 0, ¢, y which the principal axes at the centre of 
gravity make with some fixed axes, in the manner explained in Art. 256. Show 
that its vis viva is given by 

27 =M (4? +92+22)+ C (6+ ¥ cos 6)? + (A sin? @ + B cos? g) 6 
+sin? 6 (A cos? $ +B sin? $) ¥2+2 (B-A) sin 0 sin ¢ cos poy. 

Show also that, when two of the principal moments 4 and B are equal, this 

expression takes the simpler form 
QT=M (i+ 92+ 22) +0 (p+ cos 6)?+ A (62+ sin? oy). 
This result will be often found useful. 


Ex. 2. A body moving freely about a fixed point is expanding under the in- 
fluence of heat, so that in structure and form it remains always similar to itself. 
If the law of expansion be that the distance between any two particles at the 
temperature @ is equal to their distance at temperature zero multiplied by (6), 


show that the vis viva of the body =Aw,?+ Bw,?+ Cot; (4+ B+C) Gera) 
4 dt > 
where A, B, C are the principal moments at the fixed point. 


Ex. 3. A body is moving about a fixed point and its vis viva is given by the 


equation 2T = Aw, + Boy? + Co? — 2Dwyw, — 2Ew, wy — 2Fw, wy. 
Show that the angular momenta about the axes are cee ; ey 5 a : 
dw,’ dwy’ dw, 


Let the body be moving freely and let 27, be the vis viva of translation. Prove 
that, if x, y, z be the coordinates of the centre of gravity referred to any rectangular 
axes fixed or moving about a fixed point, and if accents denote differential coefficients 
with regard to the time, the linear momenta parallel to the axes will be dT) /dz’, 
aT |dy’, aTy/dz’. 
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Ex, 4. The elliptic coordinates of a particle are d, «, v, and h, k are the 
semi-major-axes of the two focal conics. Prove that the vis viva is 


op ak p?) (d? = y?) h2 (uw =) (2 = v2) we (v? a 2) (v? a py?) p2 


~ OPT) OF) (t=) Wl) * Cn GP 
We notice that the terms containing the products of \, 4, # are absent. This 


result may be deduced from the expression for (ds)? in elliptic coordinates given in 
Salmon’s Solid Geometry, Art. 410. 1882. 


366. Problems on the Principle of vis viva. Ex. 1. A circular wire can 
turn freely about a vertical diameter as a fixed axis, and a bead can slide freely 
along it under the action of gravity. The whole system being set in rotation about 
the vertical axis, find the subsequent motion. 


Let M and m be the masses of the wire and bead, w their common angular 
velocity about the vertical. Let a be the radius of the wire, Mk? its moment of 
inertia about the diameter. Let the centre of the wire be the origin, and let 
the axis of y be measured vertically downwards. Let @ be the angle which the 
axis of y makes with the radius drawn from the centre of the wire to the bead. 


It is evident, since gravity acts vertically and since all the reactions at the fixed 
axis must pass through the axis, that the moment of all the forces about the vertical 
diameter is zero. Hence, taking moments about the vertical, we have 


Mk?w+ma?w sin? 0=h. 
And by the principle of vis viva, 
Mk? w? +m {a?26? + a2 sin? Ow?! =C +2mga cos 0. 
These two equations will suffice for the determination of 6 and w. Solving 


h? (3 
+ ma? 


h 

a Sa Mk? + ma? sin? 6 dt 
This equation cannot be integrated, and hence @ cannot be found in terms of t. 

To determine the constants h and C we must recur to the initial conditions of 

motion. Supposing that initially 96=7, and 6=0 and w=a, then h=Mk?a and 

C=2mga+ Mk?a?. See Art. 352. 


2 
) = C+2mga cos 6. 


Ex. 2, A lamina of any form rolls on a perfectly rough straight line under the 
action of no forces; prove that the velocity v of the centre of gravity G is given by 
2 : 
7? + 2? 
of gyration of the lamina about an axis through G perpendicular to its plane, and 
¢ some constant, 


v=? where r is the distance of G from the point of contact, k the radius 


Ex. 3. Two equal beams connected by a hinge at their centres of gravity so as 
to form an X are placed symmetrically on two smooth pegs in the same horizontal 
line, the distance between which is b. Show that, if the beams be perpendicular to 
each other at the commencement of the motion, the velocity v of their centre of 
gravity, when in the line joining the pegs, is given by v?(b?+4k?)=b?g, where k 
is the radius of gyration of either beam about a line perpendicular to it through 
its centre of gravity. 


Ex. 4. A uniform rod is moving on a horizontal table about one extremity, 
and driving before it a particle of mass equal to its own, which starts from rest 
indefinitely near to the fixed extremity ; show that, when the particle has described 
a distance r along the rod, its direction of motion makes with the rod an angle 
6 given by (72+?) tan? 9=k?. [Christ’s Goll. 


Ex. 5. A thin uniform smooth tube is balancing horizontally about its middle 
point, which is fixed; a uniform rod such as just to fit the base of the tube is placed 
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end to end in a line with the tube, and then shot into it with such a horizontal 
velocity that its middle point shall only just reach that of the tube ; supposing the 
velocity of projection to be known, find the angular velocity of the tube and rod at 
the moment of the coincidence of their middle points. [Math. Tripos. 


Result. If m be the mass of the rod, m’ that of the tube, and 2a, 2a’ their 
respective lengths, v the velocity of the rod’s projection, w the required angular 
; 2 __ 3mv? 
velocity, then w = eae 
Ex. 6. If an elastic string, whose natural length is that of a uniform rod, be 
attached to the rod at both ends and suspended by the middle point, prove by means 
of vis viva that the rod will sink until the strings are inclined to the horizon at an 


0 : 
angle @, which satisfies the equation cots - cots —2n=0, where the tension of the 
string, when stretched to double its length, is n times the weight. [Math. Tripos. 


Ex. 7. One end of a uniform rod moves on a smooth inclined plane whose 
inclination is a; the other end is freely jointed to a small peg which can move in a 
smooth horizontal groove situated in a vertical plane perpendicular to the inclined 
plane. The rod starts from rest when leaning upwards against the plane at an 
angle 8 with the horizon and in the vertical plane through the groove. Show that 
it will leave the plane when horizontal if sin 8=cota(1+3 cot? a), it being assumed 
that the plane is sufficiently steep to make the value of 6 given by this equation 
positive real and less than a. [Math. Tripos, 1902. 


Ex. 8. A smooth solid hemisphere is held with its base on a smooth horizontal 
table, and a vertical rod of the same weight, which is constrained by smooth supports 
so that it can only move vertically, rests with its lower end against a point on the 
surface of the hemisphere where the normal makes an angle a with the vertical ; if 
the hemisphere be set free so that motion ensues, show that its final velocity is 
2,/(6ag cos? a), where a is the radius of the hemisphere. [Coll. Ex. 1904. 


Ex. 9. The centre C of a circular wheel is fixed and the rim is constrained to 
roll in a uniform manner on a perfectly rough horizontal plane so that the plane of 
the wheel makes a constant angle a with the vertical. Round the circumference 
there is a uniform smooth canal of very small section, and a heavy particle which 
just fits the canal can slide freely along it under the action of gravity. If m be the 
particle, B the point where the wheel touches the plane, and 6= Z BCm, and if n be 
the angular rate at which B describes the circular trace on the horizontal plane, 


at aaa, 
the wheel. [Annales de Gergonne, Tome xrx. 


HONS _ 
prove that (=) = “4 cos a cos 6 — n2c0s?a cos? 6 +const., where a is the radius of 


Ex. 10. A regular homogeneous prism, whose normal section is a regular polygon 
of n sides, the radius of the circumscribing circle being a, rolls down a perfectly 
rough inclined plane whose inclination to the horizon is a. If w, be the angular 
velocity just before the n*» edge becomes the instantaneous axis, then 


2 / 2 
: 8+cos — 247 cos — 
9 gsina n nm 


2 
8+cos as 

n 
n> = — 


5 gsina 
O'n-1— 


a; 2 2 ‘ y 
asin—5+4cos — 8+c¢0os — guinea d cone 
n n n n n 


367. The Principle of Similitude. What are the con- 
ditions necessary that two systems of particles which are initially 
geometrically similar should also be mechanically similar, i.e. that 
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the relative positions of the particles in one system after a time ¢ 
should always be similar to the relative positions in the other 
system after another time ¢’, such that ¢ bears to ¢ a constant ratio? 


In other words, a model is made of a machine, and is found to 
work satisfactorily, what are the conditions that a machine made 
according to the model should work as satisfactorily ? 


The principle of similitude was first enunciated by Newton in 
Prop. 32, Sec. vil. of the second book of the Principia. But the 
demonstration has been very much improved by M. Bertrand in 
Cahier «aati. of the Journal de Vécole Polytechnique. He derives 
the theorem from the principle of virtual work so as to avoid that 
necessity of considering the unknown reactions which enters into 
some other modes of proof. Since all the equations of motion 
may be deduced from the general principle of virtual work, that 
principle seems to afford the simplest method of investigating any 
general theorem in dynamics. 


368. Let (a, y, z) be the coordinates of any particle of mass m 
in one system referred to any rectangular axes fixed in space, and 
let (X, Y, Z) be the resolved parts of the impressed forces on that 
particle. Let accented letters refer to corresponding quantities in 
the other system. 


Assuming that the reactions of the system are such as do not 
appear in the equations of virtual velocities (Art. 362), that principle 
supplies the two following equations: 

= {(X — mé# )da + &.} = 0, 
> {(X’ — mk’) ba’ + &e.} = 0. 

It is evident that one of these equations will be changed into 
ene othet-if we put A*=FX, Y’=PY, &e, « =lae; y'=ly, &e., 
m =pm, &c., t =tt, &., where F, 1, w, 7 are all constants, provided 
that pl=Fr. In two geometrically similar systems we have but 
one ratio of sumilarity, viz. that of the linear dimensions, but vn two 
mechanically similar systems we have three other ratios, wz. that 
of the masses of the particles, that of the forces which act on them, 
and that of the times at which the systems are to be compared. 
It is clear that, if the relation just established hold between these 
four ratios of similitude, the motions of the two systems will be 
similar. 

Suppose then that the two systems are initially geometrically 
similar, that the masses of corresponding particles are proportional 
each to each, and that they begin to move in parallel directions 
with like motions and in proportional times, then they will continue 
to move with like motions and in proportional times provided 
the external acting forces in either system are proportional to 
mass x linear dimensions 


(time)? 


Since the resolved velocities of any 
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particle are z &e., it is clear that in two similar systems 


t d 
the velocities of corresponding points at corresponding times are 
linear dimensions 

time i 
between these two relations, we may state, briefly, that the 
condition of similitude between two systems is that the acting 
mass x (velocity) 


linear dimensions’ 


If we eliminate the time 


proportional to 


forces must be proportional to 


369. On Models. M. Bertrand remarks that, in comparing 
the working of a model with that of a large machine, we must 
take care that all the forces bear their proper ratios. The weights 
of the several parts will vary as their masses. Hence we infer that 
the velocity of working the model must be made to be proportional 
to the square root of its linear dimensions. The times of describing 
corresponding ares will also be in the same ratio. 


When the speeds of working the model and the large machine 
are thus related it is convenient to apply to them the terms 
“corresponding velocities,” 


If there be any forces besides gravity which act on the model, 
these must bear the same ratio to the corresponding forces in the 
machine, if the model is to be similar to the machine. If the 
model be made of the same material as the machine, the weights 
of the several parts wiil vary as the cubes of the linear dimensions. 
Hence the impressed forces must be made to vary as the cubes 
of the linear dimensions. For example, in the case of a model of 
a steam-engine, the pressure of the steam on the piston varies as 
the product of the area of the piston into the elastic force. Hence, 
the elastic force of the steam used must be proportional to the 
linear dimensions of the model. 


Supposing the impressed forces in the two systems to have, 
each to each, the proper ratio, it is easy to see, by forming the 
equations of motion, that the mutual reactions between the parts 
of the system will, of themselves, assume the same ratio. Thus 
the equations obtained by resolution are linear and give the 
reactions their proper ratio to the forces. In the equations formed 
by taking moments, if the reactions, like the impressed forces, act 
at definite corresponding points in the two systems, each will be 
multiphed by an arm proportional to the linear dimensions of the 
system and the product must have the dimensions of mk?d?6/d#. 
Thus in all the equations the reactions will have their proper 
ratios. 


To make this clear, let us examine some simple case of motion, 
say that discussed in Art. 162. The equations (1) show that both 
the reaction & and the sliding friction wR vary as the product of 
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the mass by the linear dimensions divided by the square of the 
time. We see by Art. 161 that the friction-force F follows the 
same law. But by Art. 163 this is not the case with either the 
couple of rolling-friction or with the friction-force called into play 
by its action. The moment of the friction-couple is fmg, where f 
is a linear quantity which depends on the materials used but does 
not vary with the dimensions of the system. The ratio of this 
couple to mk?@ varies inversely as the linear dimensions of the 
body and is greater in the model than in the machine. The 
magnitude of the friction-couple is so small that it is usually 
neglected (Art. 153), but, when it is necessary to take account of 
it, its presence in the equations of motion may prevent some of the 
other reactions from obeying the law of similarity. 


If the resistance of the air is proportional to the product of the 
area exposed and the square of the velocity the resistance will bear 
the proper ratio in the model and in the machine. 


370. Examples. As an example, let us apply the principle to the case of a 
rigid body oscillating about a fixed axis under the action of gravity. That the 
motions of two pendulums may be similar they must describe equal angles, 
corresponding times are therefore proportional to the times of oscillation. Since 
the forces vary as the mass into gravity, we see that when a pendulum oscillates 
through a given angle, the square of the time of oscillation must vary as the ratio 
of the linear dimensions to gravity. 

As a second example consider the case of a particle describing an orbit round 
a centre of force whose attraction is equal to the product of the inverse square of 
the distance and some constant ». The principle at once shows that the square of 
the periodic time must vary as the cube of the distance directly, and as u inversely. 
This is Kepler’s third law. 


Ex. 3. Experiments are to be made on the deflection of a bridge 50 feet long 
and weighing 100 tons, when an engine weighing 20 tons passes with a velocity of 
40 miles per hour, by means of a model bridge 5 feet long and weighing 100 oz. 
Find the weight of the model engine, and if the model bridge be of such stiffness 
that its statical central deflection under the model engine be one-tenth of the statical 
central deflection of the bridge due to the engine, show that the velocity of the model 
engine must be 18°55 feet per second. [Coll. Exam. 1887. 


371. Froude’s theorem. In Froude’s experiments to determine the resistance 
to ships, small models were used, the method being founded on the following rule. 
If the linear dimensions of a ship be n times those of the model, the mean densities 
being equal, and if at a speed V the measured resistance to the model be R, then at 
the corresponding speed, viz. V./n, the resistance to the ship will be Rn’, 

The ship and the model being similar, and of equal mean densities, the linear 
dimensions of the portions immersed are in the ratio n:1. The resistances to 
similar bodies in deep water are known to vary nearly as the squares of the velocities 
multiplied by the areas of the wetted surfaces, i.e. if the velocity of the ship is n’ 
times that of the model, the resistances are in the ratio n?n’2; 1, The resistances 
must be in the same ratio as the other corresponding forces, i.e. n?n/2?=n, Art, 369. 
Hence n’=,/n and the resistances are in the ratio n° : 1. 


This resistance is chiefly spent in making waves which continually travel away 
from the ship. Another but lesser cause of resistance is the friction between the 
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ship and the water. Both effects have here been roughly summed up in using the 
experimental law of resistance. 


372. Savart’s theorem. In the twenty-ninth volume of the Annales de 
Chimie (Paris 1825) Savart describes numerous experiments which he made on the 
notes sounded by similar vessels containing air. He thence deduced the following 
general law. When masses of air are contained in two similar vessels, the number 
of vibrations in a given time [t.e. the pitch of the ndte sounded] is inversely pro- 
portional to the linear dimensions of the vessel. 

This theorem of Savart’s follows at once from the principle of similarity. Divide 
the similar vessels into corresponding elements, then the motions of these elements 
mass x lin. dim. 

(time)? 
law the force between two elements varies as the product of the area of contact 
into the density. Hence the times of oscillation of corresponding particles of air 
must vary as the linear dimensions of the vessel. 


will be similar each to each if the forces vary as . But by Marriotte’s 


The first person who gave a theoretical explanation of Savart’s law was Cauchy, 
who showed, in a Mémoire presented to the Academy of Sciences in 1829, that it 
followed from the linearity of the equations of motion. He refers to the general 
equations of motion of an elastic body whose particles are but slightly displaced 
even though the elasticity is different in different directions. These equations, 
which serve to determine the displacements (é, 7, ¢) of a particle in terms of the 
time t and the coordinates («, y, 2) of its undisturbed position, are of two kinds. 
One applies to all points of the interior of the elastic body and the other to all 
points on its surface. These are to be found in all treatises on elasticity. An 
inspection of the equations shows that they will continue to exist if we replace 
En, & 2, Y, 2, t by K& Kn, Kf Kx, Ky, Kz, xt, where x is any constant, provided that 
we alter the accelerating forces in the ratio x to 1. Hence if the accelerating forces 
are zero, it is sufficient to increase the dimensions of the elastic body and the 
initial values of the displacements in the ratio 1 to x, in order that the general 
values of &, 7, ¢ and the durations of the vibrations may vary in the same ratio. 
Hence we deduce Cauchy’s extension of Savart’s law, viz., if we measure the pitch 
of the note given by a body, a plate or an elastic rod, by the number of vibrations 
produced in a unit of time, the pitch will vary inversely as the linear dimensions of 
the body, plate, or rod, supposing all its dimensions altered in a given ratio. 


373. Theory of Dimensions. These results may be also 
deduced from the theory of dimensions. Following the notation 
of Art. 332, a force F is measured by md?a/dt?. We may then 
state the general principle, that all dynamical equations must be 
such that the dimensions of the terms added together are the same 
im space, time and mass, the dimensions of force being taken to be 
MASS . Space 


(tame)? 


To show how the principle may be used let us apply it to the 
case of a simple pendulum of length J, oscillating through a given 
angle a, under the action of gravity. Let m be the mass of the 
particle, # the moving force of gravity, then the time 7 of oscilla- 
tion can be a function of F, 1, m anda only. Let this function be 
expanded in a series of powers of F,1 and m. Thus 


T= LAPP IM’, 
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where A, being a function of a only, is a number. Since 7 is 
of no dimensions in space, we have p+q=0. Also 7 is of one 
dimension in time, ... —2p=1. Finally 7 is of no dimensions in 
mass; ..p+r=0. Hence p=—4, q=r=f, and since p,q r 
have each only one value, there is but one term in the series. 


We infer that in any simple pendulum += A we where A is 


an undetermined number. See also Art. 370. 


Ex. 1. A particle moves from rest towards a centre of force, whose attraction 
varies as the distance, in a medium resisting as the velocity, show by the theory of 
dimensions that the time of reaching the centre of force is independent of the 
initial position of the particle. 


Ex. 2. A particle moves from rest in vacuo towards a centre of force whose 
attraction varies inversely as the n power of the distance, show that the time of 
reaching the centre of force varies as the 4 (n+1) power of the initial distance of 
the particle. 


374. Imaginary Time. The equations of motion of a system are changed 
into those of a similar system by multiplying the forces, lengths, masses and times 
by the constants F’, 1, u,7, where yl=Fr?. The systems however may present only 
an analytical similarity, for if F were negative, and p, 1 positive, the ratio of the 
corresponding times would be imaginary. The change of sign of F is, of course, 
equivalent to reversing the directions of all the impressed forces. 


Let us suppose that the two similar systems are such that 1=1, .=1 and only 
so far differ that the impressed forces X, X’, &c, are equal and opposite and in con- 
sequence t’/t= -+,/(-—1), Art. 368. It follows that the same system can have two 
conjugate motions with opposite forces such that in one (a, y, &c.) are the same 
functions of ¢ that (a’, y’, &c.) in the other are of t’. The initial positions are the 
same in the two cases, and if v=dza/dt, v’' =dzx'/dt’ are any corresponding velocities, 
their ratio v’/u= +=./(—1). We also evidently have dx’/dt=da/dt. Hence we arrive 
at the following theorem. A system of material points, subject to constraints which 
are independent of the time and under the action of forces which depend only on the 
position of the several points, being given; the integrals of the differential equations 
remain real if we replace t by t ,/(-1) and the resolved initial velocities v,, Vy, Vz 
of any particle by —v,/(-1), —vyr/(-1), —v,/(-1), the initial positions being 
the same. The equations thus obtained are those of a new movement which the same 
material particles would take if acted on by forces equal and opposite to those which 
produced the first motion, the initial values of the coordinates and their velocities 
being the same in the two cases. Appell, On an interpretation of the imaginary values 
of the time; Comptes Rendus, Vol. 87, 1878, page 1074. Painlevé, Legons sur l’inté- 
gration des équations différentielles de la Mécanique, 1895, page 226. 


374 a. These considerations will sometimes enable us to find an interpretation 
for an analytical result which gives an imaginary value for the time. This will be 
made clear by an elementary example. Let @ be the angle a simple pendulum, 
suspended from O, makes with the downward vertical BOA, and let the pendulum 
start from rest at an angle @=a. Since dé6/dt is initially negative the time of 
moving from @=a to 9=@ is given by 


Gian — dé _ ff@ —du 
t/' = [area - | J (L—w?) / (1 = Ku)’ 
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where sin 49=w sin $a, e=sin $a and all the radicals are positive. Put 
u du Uk. du 
= iS So * 
ad Perr (er 1 JQE=1) JT ee) 
The times of arrival at the lowest and highest points of the circular path (starting 
in each case from rest) are found by writing 6=0, 6=7, that is w=0, w=1/« 
respectively. These times are therefore given by 


ty Nie ty a/ Fak (1. 


The latter time is imaginary, showing that under the given circumstances the bob 
of the pendulum does not reach the highest point. We find an interpretation 
of the value of t, by reversing the impressed forces. When we have written —g 
for g let t;’, t.’ be the corresponding values of t,, t), then t,’ is now imaginary and 
te’ becomes real. Thus the real path of the pendulum in either motion corresponds 
to the imaginary path in the conjugate motion. 


If the time ¢ is counted from the instant at which the bob passes the lowest 
point (gravity acting downwards), the motion is given by w=sn (: /4) . The two 


periods of this elliptic function are 4K and 2K',/(—1), and these respectively 
determine the two times t; and t,. This example is discussed by both Appell and 
Painlevé but in different ways. 


375. Clausius’ theory of stationary motion. To determine the mean vis 
viva of a system of material points in stationary motion. Clausius, Phil. Mag., 
August, 1870. 


By stationary motion is meant any motion in which the points do not continually 
move further and further from their original position, and the velocities do not 
alter continuously in the same direction, but the points move within a limited 
space and the velocities only fluctuate within certain limits. Of this nature are all 
periodic motions, such as those of the planets about the sun, and the vibrations of 
elastic bodies, and further, such irregular motions as are attributed to the atoms 
and molecules of a body in order to explain its heat. 


Let x, y, z be the coordinates of any particle in the system and let its mass 
be m. Let X, Y, Z be the components of the forces on this particle, Then 


2 
m cee We have by simple differentiation (Arts. 286, 286 b), 


at 
aa) od (de da\? | Pax 
dt =23,( a) =2(ar) Cae? 
mfdz\? 1 | md? (x4) 
and therefore 3 (G) = 9g eX TL Ghee 


Let this equation be integrated with regard to the time from 0 to t and let the 
integral be divided by t, we thereby obtain 


ISO HN lf m [-d (2?) d (x?)\ 4 
| (ae) d= 5, [| exer EL dt -( dt ime 


in which the application of the suffix zero to any quantity implies that the initial 
value of that quantity is to be taken. 


The left-hand side of this equation and the first term on the right-hand side are 


: dx\? iL 
evidently the mean values of 3 (F) and — °) «X during the time ¢. For a periodic 


motion the duration of a period may be taken for the time t; but for irregular 
motions (and if we please for periodic ones also) we have only to consider that the 
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time t, in proportion to the times during which the point moves in the same direc- 
tion in respect of any one of the directions of coordinates, is very great, so that in 
the course of the time t many changes of motion have taken place, and the above 
expressions of the mean values have become sufficiently constant. The last term 
of the equation, which has its factor included in square brackets, becomes, when 
the time is periodic, equal to zero at the end of each period. When the motion is 
not periodic, but irregularly varying, the factor in brackets does not so regularly 
become zero, yet its value cannot continually increase with the time, but can only 
fluctuate within certain limits; and the divisor t, by which the term is affected, 
must accordingly cause the term to become vanishingly small for very great values 
of t. The same reasoning will apply to the motions parallel to the other coordinates. 
Hence adding together our results for each particle, we have, if v be the velocity of 


the particle m, mean + 2mv?= — mean 42 (Xx+ Yy+ Zz). 
The mean value of the expressions — }> (Xx +Yy+ Zz) has been called by Clausius 


the virial of the system. His theorem may therefore be stated thus, the mean semi- 
vis viva of the system is equal to its virial. 


376. To apply this theorem to the kinetic theory of heat we premise that every 
body is to be regarded as a system of particles in motion. So far as this proposition 
is concerned, the particles may describe paths of any kind, and any particle may 
pass as close as we please to another. But, as no account of impacts has here 
been considered, we must either suppose the particles to be restrained from actual 
contact by strong repulsive forges at close quarters, or (which amounts to the same 
thing) suppose the particles to be perfectly elastic, so that the total vis viva is 
unaltered by the impacts. 


The forces which act on the system consist in general of two parts. In the 
first place, the elements of the body exert on each other attractive or repulsive 
forces, and, secondly, forces may act on the system from without. The virial will 
therefore consist of two parts, which are called the internal and external virials. It 
has just been shown that the mean semi-vis viva is equal to the sum of these two 
parts. 

If #(r) be the law of repulsion between two particles whose masses are m and m’, 


yess Bie Ke 
we have Xe+X'a'= - 9 (7) “eg (r) =" ato 


- And, since for the 


two other coordinates corresponding equations may be formed, we have for the 
internal virial —4> (Xx+Yy+Zz)= —Z4r¢ (r), where = implies summation for the 
particles taken two and two together. 

Let the volume be increased, the system remaining similar to itself. Every r is 
now increased so that dr=r, where @ is an infinitely small quantity. If W be the 
work of the internal repulsions, we have dW==Z¢(r) Br. If V be the volume of the 
body, dv=3BV. Hence —D4r¢(r)= —- we. This supplies another expression 
for the internal virial, if we understand W to represent the mean work. 

As to the external forces, in the case most frequently to be considered the 
body is acted on by a uniform pressure normal to the surface. If p be this pres- 
sure, do an element of the surface, J the cosine of the angle the normal makes with 
the axis of a, -52Xe ee apldo =F audydz. If V be the volume of the body 
this is }pV, and therefore the whole external virial is pV. 

Let us suppose that a gas is composed of particles (such as those here described) 
each in motion, but not acting on each other, and equally distributed throughout 
the containing vessel. It follows from this proposition that 42=mv?=3pV. Hence 
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the resulting continuous pressure p produced by their impacts on the containing 
surface, when referred to a unit of area, is equal to one-third of the vis viva of the 
particles which occupy any unit of volume. 

The reader who is, interested in these matters is referred to Applications of 
dynamics to physics and chemistry by Prof. J. J. Thomson, 1888. 

Ex. Show that the virial of a system of forces is independent of the origin and 
the directions of the axes, supposed rectangular. 

The first result is clear, since in stationary motion 2=X=0, &. The second 
follows from the equality Xa+Yy+Zz=Rp, where R is the resultant of X, Y, Z, 
and p is the projection of the radius vector on the direction of R. 


General Theorems on Impulses. 


377. General equation of virtual work. Let (a, y, 2) 
be the coordinates of any particle m, and (XY, Y, Z) the resolved 
parts in the directions of the axes of the impulses which act on 
that particle. Let (u, v, w), (wv, 2, w’) be the resolved parts of 
the velocity of the particle in the same directions just before and 
just after the impulse. 

The momenta m (wu — uw), m (v' — v), m (w’ — w), being reversed 
for every particle, will be in equilibrium with the impulsive forces. 
Hence by the principle of virtual work we have 


Xm {(u’ — u) da + (v' — v) by + (w’ — w) 82} = = (X ba + VSy + Z6z), 
where 62, dy, dz are any smali arbitrary displacements of the par- 
ticle m consistent with the geometrical conditions of the system. 


This is the general equation of virtual work, and it will be 
seen further on that the subsequent motion of the system may 
be deduced from it. At present we are only concerned with such 
general properties of the motion as may be deduced from this 
equation by a proper choice of the arbitrary displacement. 


378. Carnot’s first theorem. Let us first suppose that 
the only impulsive forces are those produced by the actions and 
reactions of the bodies forming the system. (For example, two 
bodies may impinge on each other, or two points may be suddenly 
connected together by an inelastic string.) Then these mutual 
actions and reactions are in equilibrium, and the sum of their 
virtual works is zero for all displacements which do not 
alter the distance apart of the particles acting on each other. 
Suppose the bodies impinging to be inelastic, then just after the 
impact the points of the two bodies which impinge have no 
velocity of separation normal to the common surface of the bodies, 
If therefore we take as our arbitrary displacement the actual 
displacement of the system during the time dé just after the 
impact, the sum of the virtual works of the impulses will be 
zero. Hence, writing de=w'dt, dy=v'dt, 8z =w’bt, we have 

=m {(u’—u) w' + (vo —v) v' +(w’ —w) w'} =0. 
“6 Sm (wu? + v2 + w?) = im (uw + vv’ + ww’). 
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‘This may be put into the form 
Xm (u’? + v + w’) — Sm (wv + v? + w?) 
=— =m {(u' —uPt+(v -vP + (w' — wy. 
Therefore in the impact of inelastic bodies vis viva is always lost. 
This is the first part of Carnot’s general Theorem. 


379. Generalization of Carnot’s theorem. It should be 
noticed that Carnot’s demonstration applies, not exclusively to 
collisions but, to all impulses which do not appear in the equation 
of virtual work as applied to the subsequent displacement. Let 
a system be moving in any way, and let us suddenly introduce 
some new restraints or geometrical relations by which some of the 
particles are compelled to take new courses. The impulses which 
produce this change of motion are of the nature of reactions, and 
are such that in the subsequent motion their virtual works are 
zero. It therefore follows that vis viva is lost and that the amount 
of vis viva lost is equal to the wis wwa of the relatwe motion. This 
is sometimes called Bertrand’s Theorem. 


380. Carnot’s second theorem. Let us next suppose that 
an explosion takes place in any body of the system. Then, just 
before the vmpuise, any two particles about to separate are moving 
so that the virtual works of their mutual actions are equal and 
opposite, but just after the explosion this may not be the case. 
Hence we now put dv =wédt, dy = vét, dz = wt and we have from 
the equation of virtual moments 


Xm {(u' — u) ut (v' —v)v + (w’—w) wv} =9. 
This may be put into the form 
Sm (ul? + v? + w?) — Sm (wv? + v? + w’) 
= Xm {(u' — uy +(v —v)P + (w' — wy}. 
Therefore in cases of explosion vis viva is always gained. ‘This is 
the second part of Carnot’s ‘Theorem. 


Thirdly, let the bodies of the system be perfectly elastic. If 
two elastic bodies impinge, the whole action consists of two parts, 
a force of compression as if the bodies were inelastic, and a force 
of restitution of the nature of an explosion. The circumstances of 
these two forces are equal and opposite to each other. Hence the 
vis viva lost in compression is exactly balanced by the vis viva 
gained in the restitution. This is the last part of Carnot’s Theorem. 


381. As an example of Carnot’s theorem let us solve the problem of the Ballistic 
pendulum already considered in Art, 124. 

Before the impact, the pendulum is at rest and the ball has a velocity v; the 
vis viva is therefore mv?. After the impact the pendulum and ball move together, 
and the vis viva is (Wk’+ mi?) w. To find the vis viva of the relative motion we 
notice (1) that the velocity of the ball has been changed from v to iw and its 
direction has been turned through an angle £, the vis viva of its relative motion is 
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therefore m (i2w® + v? — 2iwv cos 8), (2) the angular velocity of the pendulum has been 
changed from zero to w, the vis viva of the relative motion is Mk’w*, We thus 
have by Carnot’s theorem i 

mo? — (Mk’2+ mi?) w= m (i?w? + v? — 2iwy cos B) + Mk0. 
This reduces to mvi cos B=(Mk’?+ mi?) w and determines the initial motion after 
the impact. A simplified form of this application of Carnot’s theorem is given by 
M. Appell in his Mécanique 1896. 


382. Three forms of the equation of virtual work. Let 
us now resume the general equation of virtual work for a system 
in motion acted on by any impulses. We have already seen 
that there are two displacements, either of which we may with 
advantage choose as our arbitrary displacement. One of these 
coincides with the motion just before, and the other with the 
motion just after, the action of the impulses. These equations 
may be written 

Xm {((w' —u)u +(e —v)v +(w' —w) w} => (Xu+Vo +Zw), 

Ym {(u —u)u + (v' —v) vu + (w' — w)w} => (Xu + Yo'+ Zw’). 

On the left-hand side of these equations (u, v, w), (u’, v’, w’) are the resolved 
parts of the velocities of the particle whose mass is m (Art. 377). On the right-hand 
sides they represent the resolved parts of the velocities of the point of application 
of the impulse whose components are X, Y, Z. 

Besides these there is a great variety of motions which are 
geometrically possible. Let (w’, vu’, w”) be the components of 
the velocity of the typical particle m for any one of these possible 
motions. Then we may write 6% =w" dt, dy=v" dt, z =w" ot, and 
we obtain 
sm {(w' —U) al” ke (v — v) yy’ ale (w’ — Ww) w"} = > (Xu ae You’ + Zw’). 
This equation of course includes the two former as special cases. 

This possible motion might have been produced from the initial 
state by the application of proper impulses. Let these be repre- 
sented by X’, Y’, Z’. Then with these forces the state (w’, v’, w’’) 
becomes the actual subsequent motion, and our former subsequent 
motion becomes a mere variation from this. Thus we may write 
down three more equations, obtained from these by interchanging 
(w’, v, w’) with (wu, v”, w’) and (X, Y, Z) with (X’, Y’, Z’). 

By comparing these equations we may deduce several general 
theorems. 


383. A convenient Notation. Let 27 be the initial vis viva of the system. 
Let 27’ be the vis viva after the application of a set of impulses which we shall 
designate as the set A, and let the resulting motion be called the motion A. Let 
2T’’ be the vis viva of any possible variation of this motion which we shall call the 
motion B, and let the forces which produce it be called the forces B. We shall 
want to use also the vis viva of the relative motion of any two of these. Thus, 
taking the two first and expressing the vis viva of the relative motion by 2R,, we 
have 2Ryy = =m { (wu! — uw)? + (v! — v)? + (w’ — w)?} 

=27T'+2T —2>m (uu' + vv’ + ww’), 
. Im (uu’-+vv'+ww')=T+T'— Roy. 
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Similarly if we call the vires vive of the other relative motions 2R,. and 2R,), we 
have 2m (uu! + vv" + ww")=T+T” — Roo, 
=m (uw! + v'v" + w'w"’) = T'+T" — Ryo. 
Thus the accents of the 7’s on the right-hand side and the suffixes of the R’s 
correspond in all three equations to the accents on the left-hand side. 
The three equations deduced from the principle of virtual work in Art. 382 
may therefore be written 
T’ — T — Ry, =vir. wk. of forces A in initial motion, 
T’—~T +R, =vir. wk. of forces A in motion 4, 
T’ —-T ~Ryy+ Ry=Vvir. wk. of forces A in motion B, 
where the divisor dt on the right-hand side has been dropped for the sake of 
brevity. Or we may say that the right-hand sides express the rates at which the 
forces A are doing work in the respective motions. Or again, the right-hand sides 
express the sums of the products obtained by multiplying each force by the 


velocity of its point of application resolved in the direction of the force, for the 
particular motion concerned. 


384, Change of vis viva due to impulses. If we add 
together the two equations of Art. 382, viz. 


Sm(u' —u)u +...= Xu +..., 
im(w —u)u' +...= >Xu' +..., 
we have im(u?—-w) +...= TX (wtw)t+.... 


Since the left-hand side is the difference between the vis viva 
before and that after the application of the impulses, we have the 
following theorem. If any impulses act on a system in motion, the 
change in the semi-vis viva 1s equal to the swm of the products 
obtained by multiplying each impulse by the mean of the velocities 
of its point of application just before and just after the action of the 
impulse, both velocities being resolved in the direction of that impulse. 
Ditferent proofs of this theorem for the case of a single body have 
been given in Arts. 172, 192, 346. 


385. Vis viva of the relative motion. If we take the 
difference of the two equations of Art. 382, viz. 

=Im(u' —u)ut...=2XU +..., 
Sm (u —u)u +...=2Xu'+..., 
we have Sm(w up +...= 2X (w—u)t.... 

Hence, if any impulses act on a system in motion, the sema- 
vis viva of the relative motion is equal to the sum of the products 
obtained by multiplying each impulse by half the excess of the 
resolved velocity of its point of application just after over that 
just before the impulse, both velocities being resolved in the direction 
of that impulse. 


386. Two cases of impact present themselves for consideration, 
(1) we may imagine certain points of the system to be suddenly 
seized and made to move with given velocities in some prescribed 


R. D. 20 
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manner, as in Art. 288, (2) we may suppose that given impulses 
act at certain points, as in Art. 306.. In the former case the 
resulting displacements of the points of application of the impulses 
X, Y, Z are given, the impulses being unknown. In the latter 
the impulses X, Y, Z are given, but the displacements of the 
points of application are unknown. Or, again, in the first case 
the constraints are given, in the second the impulses are given. 
Let us consider these in order. 

Let the displacement of the point of application of each vmpulse 
be gwen. 

Let us give the system two different virtual displacements 
both consistent with the prescribed conditions. Let one of these 
be along the actual motion, then 

im(w—u)u+...=2Xu' +... 

Here on the right-hand side w’, v’, w’ are proportional to the 
prescribed displacements of the points of application of the 
impulses and on the left-nand side w’, v’, w’ are proportional to 
the actual displacements of the particle m. 

Let the second displacement be along any geometrically 
possible motion of the system, then 

=m (u' —u)u" +... =TXu'+..., 
where wu”, v’, w” are the resolved velocities of the particle m in 
this hypothetical motion. 

The multipliers of X, Y, Z on the right-hand side are the 
same as before, because the motions of the points of application 
are prescribed. We therefore have 

Ym (uw —u)u +...= 2m (u' —u)u’ +...5 
. im(w —upPt+...+2m(u’-w p+... = lm(u"” —upt+.... 
Kach of these summations is the vis viva of a relative motion. 
Representing them by 2Rq, 2Ry., 2R. (Art. 383) we have 
Ru F Ry — Ro. 

It immediately follows that R,, is greater than Ry. Hence, of 
any impulsive forces act on a system in motion, the displacements of 
the points of applicution in the time dt being prescribed, the actual 
motion 1s such that the ws viva of the relative motion, before and 
after, 1s less than vf the system took any other course. 


387. Kelvin’s theorem. If the system start from rest, 
the velocities represented by u, v, w are zero. We therefore have, 
as in the last article, 

2m? + ...= Smu'u" bo 3 
ve Du? +... + lm (ul —w YP +... = Sm’? +... 


If (as in Art. 383) we represent the vis viva of the actual 
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motion after impact by 27”, that of the hypothetical motion by 
2T” and that of the relative motion by 2R,», this equation becomes 
The oN Ce 

Let a system be at rest and be set in motion by jerks or impulses 
at given points, so that the motions of these points are prescribed, 
then the vis wva of the subsequent motion is less than that of any 
other hypothetical motion of the system in which these points have 
the prescribed motions. Natural Philosophy by Thomson and 
Voit) Art: $12; 


388. Let the impulses be given. Consider two geometrically 
possible motions of the system. Let one of these be the actual 
motion in which w’, v’, w’ are the resolved velocities of the particle 
m, and let the second be any other motion, such that we can compel 
the system to take that motion by introducing the proper friction- 
less constraints. For instance each particle may be constrained 
to move in any direction (geometrically possible) by attaching it, 
like a bead, to a smooth wire. Let w’, v’, w” represent the resolved 
velocities of the particle m in this motion. 


Supposing the system to have the first motion, let us give it a 
virtual displacement along the second, then 


rm (uw —u)u" +...=2Xu"4+.... 


Supposing the system to have the second motion, and that the 
work of the constraining reactions is zero, Art. 362, we have 


Sm (u" —u)u" +... = Xu" + ...5 
J lm(u —u)u +...= tm (u" —u)u"+...5 
ym (wu uw’ P+... + Bmw’? 4+... = mu? +... 
Representing the vis viva of the actual motion after impact by 


27’, that of the hypothetical motion by 27” and that of the 
relative motion by 2R,, this equation gives 


Pepe’ =i". 


It follows that 7’ is greater than 7”. Suppose a system in 
motion to be acted on by any impulses, the vis viva of the subsequent 
motion vs greater than if the system were subjected to any additional 
constraints and acted on by the same impulses. We thus arrive at 
a theorem of Lagrange generalized first by Delaunay in Liouville’s 
Journal, Vol. v., and afterwards by Bertrand in his notes to the 
Mécanique Analytique. See Art. 379. 


Comparing Kelvin’s and Bertrand’s theorems we perceive that, 
when the motions of the points of application of the impulses are 
given, the subsequent motion may be found by making the vis viva 
a minimum, but, when the impulses are given, the subsequent 
motion may be found by introducing some constraints and making 
the vis viva a maximum. 


20-2 
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388 a. Examples. To understand these two principles properly we should 
examine their application to some simple cases of motion. 

Ex. 1. A body at rest having one point O fiwed is struck by a given impulse ; 
find the resulting motion. See Art. 308 and Art. 310. 

Let L, M, N be the given components of the impulse about the principal axes 
at O. ‘Then, if the body begin to turn about an axis fixed in space whose direction- 
cosines are (J, m, n), the angular velocity w is found by Art. 89 from 

(Al? + Bm? + Cn?) o=Li+ Mm+ Nn. 

To find the axis about which the body begins to turn when free, we must by 

Lagrange’s Theorem make the vis vivaa maximum. That is, we have 
(AVP + Bm? + Cn?) ©? =maximum. 


We have also the condition P+m?+n2=1. 
Treating these three equations in the usual manner indicated in the differential 
Al Bm Cn 
calculus, we find Tsaew 


These equations determine the direction-cosines of the axis about which the body 
begins to turn. 


Ex. 2. Four equal rods at rest are joined together by smooth hinges so as to 
form a rhombus ABCD, the angle at A being 60°. Apply Kelvin’s theorem to 
show that if the corner A is suddenly moved with velocity V along the diagonal 
CA, the initial angular velocity of any rod is 3V/7a where 2a is the length of 
any rod, 

If the angle at A is 20, and w the angular velocity of any rod, the vis viva is 

V24+8V aw sin 6+ 10a?w? sin? 6 + 2a? w? cos? 6 + 2h? w?. 
Equating to zero the differential coefficient with regard to w, we obtain the initial 
value of w, which reduces to the given result when 20= 60°. 


Ex. 3. A body is in motion with a point O fixed in space. Suddenly a straight 
line OC fixed in the body is made to move round O in a given manner; find the 
motion, Art. 293. 

Let the instantaneous position of OC be the axis of z. Let the previous motion 
of the body be given by the angular velocities w,, w,, w, and the prescribed motion 
of OC by the angular velocities 0, ¢, about the axes of x and y. Let © be the 
required angular velocity of the body about Oz. The vis viva of the relative 
motion, before and after, is 
A (0 —,)? + B (¢ — wy)? + C (Q — wz)? — 2D (f — we) (Q = ws) — 2E (8 — w,) (Q— ws) 

— 2F (8 — wy) (p — we). 
This is to be made a minimum by Art. 386. Differentiating with regard to Q, 
C (Q—- ws) — D ( — w) — E (9 — w,) =0. 
This equation expresses the fact that the angular momentum about (OC is unaltered. 


Ex. 4. Arod AB at rest is acted on by an impulse F perpendicularly to its length 
at the extremity 4, and that extremity begins to move with a velocity f. Find the 
point O in AB about which the rod will begin to turn (1) when F is given and 
(2) when f is given. If 40=2, show that both Kelvin’s theorem and Bertrand’s 
theorem require the same function of x to be made a minimum. 


Ex. 5. A system is moving in any manner. A blow is given at any point per- 
pendicular to the direction of motion of that point. Prove that the vis viva is 
increased. 
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This follows from the first of the equations in Art. 383; for the virtual work of 
this force (there called A) vanishes in the initial motion. Hence 7’=7+R,. 


Ex. 6. A system at rest, if acted on by two different sets of impulses called 
A and B, will take two different motions. Prove that the sum of the virtual 
works of the forces A for displacements represented by the velocities in the 
motion B is equal to the sum of virtual works of the forces B for displacements 
represented by the velocities in the motion 4. See Art. 383. 


Ex. 7. Two equal uniform rods AB, BC, smoothly jointed at B, and each 
of mass m, lie making an angle a with one another on a horizontal table, and pass 
at their middle points through smooth fixed rings. To the free end A is given 
a velocity v in a direction towards and perpendicular to BC. Prove that the 
kinetic energy of the motion is 4mv?(2—cosacos3a) and that it is greater by 
zig mv? cos? 2a than it would be if there were no ringon BC. [Use Kelvin’s theorem. ] 

[Math. Tripos, 1904. 


389. Imperfectly elastic and rough bodies. When two bodies of an 
imperfectly elastic and rough system impinge on each other, we may deduce from 
the equations of Art. 382 some extensions of Carnot’s theorems. 

Let (ww) (u'v'w’) (u’’v'w") be the resolved velocities of a particle m just before 
the impact begins, at the moment of greatest compression, and just after the con- 
clusion of the impact. Let the vis viva of the system at these epochs be represented 
by the symbols 27,27’, 27”. Let the vis viva of the relative motion at any two 
of these epochs be represented by 2Ro,, 2Rjo, 2Roo. 

Tf the bodies impinging are perfectly smooth we have by the same reasoning as in 
Arts, 378 and 380 PUN OY =A tated 0h) orp coor cous LencooncoasunudeeauEd (1), 

D0 (EY NO AOAC =k ic conacooonecodoriosootqndonoseor (2). 

Since the whole impulse between the two bodies bears to the impulse up to the 
moment of greatest compression the ratio 1+e:1, we may deduce from Art. 382 the 
two following equations 

Dm {(u’—u)u +&e.}= (+e) Dm {(u’ — wu) wt &e.} oo. eee scene (3), 

Xm {(u’ —u) uw’ + &e.} = (1+e) Bm {(u/ —u) uw" + &e.} eee eeeeee (4). 
The left-hand side of either of these equations, after multiplication by dt, is equal 
to the virtual work of the whole impulse, and the summation on the right-hand 
side, after multiplication by dt, is equal to the virtual work of the impulse 
of compression. These are taken for the same displacement and are therefore in 
the ratio 1+e¢:1. In the first equation the displacement chosen is the actual 
displacement just before impact. In the second equation the displacement chosen 
is that just after impact. These are both consistent with the geometrical conditions. 
The above four equations may be conveniently expressed in the forms 


GREY NEA Mn pane PRA ciane ec ao cre cpAgeononceD (5), 
1 BE foes. pee ot eco CRO OROGEHE TADS IO ODORIOOEEOG (6), 
TT" —T (Le) + eT =Rog— (L+e) Roy -.-.-.02eeecrecseseeans (7), 
TCE OTA (Mee) te dy == Clvgy (Ute) Leyy a tateeasnereeasenee (8). 
If we eliminate the R’s from these equations, we find 
GRO as Wee a ANG ae Han Ae Hee cinciontari vor GCHaDD (9); 


’ thus the gain of vis viva due to restitution or explosion is e” into the loss of vis viva 
due to compression. 


If we eliminate the T7’s, we find Ry= (ite)? Ses (10). 
If we eliminate 7’, Ro, Rig, wefind  ”-T=- a Re PA thet (11), 


which may be regarded as an extension of Carnot’s third theorem in Art. 380. 
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Suppose neat that the bodies impinging are rough, and slide on each other during 
the whole impact, the friction acting always in the same direction. The friction 
now bears a constant ratio to the normal pressure throughout the impact. The 
equations (3) and (4) hold as before. The separate equations (1) and (2) no longer 
hold, but instead we may form the single equation 


=m {(u"” —u) wu’ + &e.} = (1+e) Dm {(w’ —u) w+ he} wee. (12), 
by the same reasoning “as in equations (3) and (4). The equation (12) may be 
expressed in the form PP ( Le) ne Pot Choe-csurearsacdesteaeesee sr (13). 


Joining (13) to (7) and (8) we have three equations connecting the six quantities 
fy SBS URE Teh, Ter lie NUE Nalhy sia! 
Re ete oe ne) eee (14). 
(l+e)? & e(1+e) 

We may deduce from these equations the following theorem. When one body of 
a system impinges on another, the three states of motion (viz. that just before, that 
just after, and that at the moment of greatest compression) are so related that the 
vis viva of the relative motion of any two bears to the vis viva of the relative motion 
of any other two a ratio which depends only on the coefficient of elasticity. 


Let us suppose a system to be acted on by an impulsive force whose direction 
in space remains unchanged during its time of action. A theorem similar to that 
just enunciated applies to any three epochs in the time of action of this impulse, 
provided these epochs are such that the whole impulse exerted in the interval from 
the first epoch to the second bears a known ratio (say 1 : e) to the whole impulse 
exerted in the interval from the second to the third. 

Representing the vires vivee of the system at the three epochs by 27, 27’, 27” as 
before, and the vires vive of the relative motions by 2R),, 2Ro,, 2Rj., we notice 
that the equations (3), (4) and (12) apply to the motions of the system at the three 
epochs. The equation (14) will therefore give the same relations as before between 
the six quantities T, T’, T”, Ry, Ry, Rio- 

We may obtain an easy proof of this theorem by combining the results of Arts. 
385, 386 with Art. 313. Let X be an impulse, and let the axis of x be taken 
parallel to its direction. By Art. 385 the vis viva of the relative motion before and 
after the impulse is proportional to X(wu’—wu). But, by Art. 313, u’—w is a linear 
function of X, and vanishes with X. It is therefore proportional to X. The vis 
viva of the relative motion is therefore proportional to X?. It immediately follows 
that Ro, Rog, Ry, are proportional to 1, (1+ <¢)?, e?. 


’ 

The remaining part of the theorem follows from Art. 386. Letting X now 

represent the impulse from the first to the second epoch, we have 
T’-T=4X (uw +n), T" —T' =4Xe(u" +w/). 

It easily follows that T" —-T’'—e(T’ —T)=4 Xe(u"” —u). 

Since the right-hand side of this equation is Ry,e/(1+e), by Art. 385, the 
remaining part of equation (14) has been proved. 

When two elastic systems impinge on each other, the theorems contained in 


equation (14) are true for the impulse on each system. They therefore follow by 
simple addition for the two impinging systems regarded as one. 


390. Gauss’ measure of the “constraint.’? The expression, called 2R in 
the previous articles, which represents the vis viva of the relative motion, has 
been interpreted by Gauss in another manner. Let the particles m,, m., &c. of 
a system just before the action of any impulses occupy positions which we shall 
call p,, p2, &c. Let us suppose that the particles if free would under the action 
of these impulses and their previous momenta acquire such velocities that in the 
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time dt subsequent to the impulses they would describe the small spaces Prd» Pode: 
&e. But if the particles were constrained in any manner consistent with the 
geometrical conditions which hold just before the action of the impulses, let us 
Suppose that they would under the same impulses and their previous momenta 
describe in the time dt subsequent to the impulses the small spaces JOR footers COs 
Then the spaces q,7), 272, &¢. may be called the deviations from free motion due 
to the constraints. The sum Dm (qr)? is called the “constraint.” 


391. We may also measure the constraint by the ratio of this sum to (dt)?. 
We then take p,q,, &c. p,7, &c. to represent, not the displacements in the time dt, 
but the velocities of the particles just after the action of the forces in the two cases 
in which the particles are free or constrained. Referring to D’Alembert’s principle 
in Art. 67, we see that pg represents the resultant of the previous velocity and of 
the velocity generated by the impressed force on the typical particle m, while gr 
represents the velocity generated by the molecular forces*. 


If we suppose that the lengths pq, qr, &c. represent velocities and not displace- 
ments, let (wu, v, w) be the components of pg in any motion, and (w’, v’, w’) the 
components of pr in any other motion; then 

2m (qr)2= =m { (ul — w)? + (v’ — v)2 + (w’ — w)?} 
measures the ‘‘constraint’’ from one motion to the other. This is precisely what 


we have represented by the symbol 2R, with suffixes to define the two motions 
compared. 


392. Gauss’ principle of least constraint. Suppose a system of particles in 
motion and constrained in any given manner to be acted on by any given set of 
impulses. Let 27’ be the vis viva of the subsequent motion. This is the actual 
motion taken by the system. Let us now suppose that the particles were forced 
to take some hypothetical motion consistent with the geometrical conditions by 
introducing some further constraints. Let 27” be the subsequent vis viva in this 
hypothetical motion. Thirdly, let us suppose that all constraints were removed so 
that the particles were acted on solely by the given set of impulses. Let 27” be 
the subsequent vis viva in this free motion. Let 27 be the initial vis viva common 
to all the motions, Let 2Rj., 2R13, 2Re3 be the vires vive of the relative motions 
of the first, second and third subsequent motions as denoted by the suffixes. 


By Bertrand’s theorem, since the hypothetical motion is more constrained than 
the actual motion, we have T=T" + Ryo: 


* Gauss’ proof of the principle is nearly as follows. By D’Alembert’s principle 
the particles m,, m,, &c., if placed in the positions r,, r,, &c., would be in equilibrium 
under the action of these molecular forces alone. Let us apply the principle of 
virtual work, and displace the system so that the typical particle m describes 
a space rp, making an angle ¢ with the direction rq of the molecular force on m. 
Then since the product m (rq) measures the molecular force on m, we have 

=m (rq) (rp cos ¢)=0. 
But gp? =qr? + rp? — 2gr . rp COS ¢. 
Hence we easily find Dm (qp)2= Bm (qr)? + Dm (rp)?. 

In the actual motion the particles move from pj, &c. to 7,, &c. and the “con- 
straint” is Dm (qr)2. If the particles had been forced to take any other hypothetical 
courses, by which they were brought into the positions p,, &., the “ constraint ie 
would be =m(qp)?. Gauss’ principle asserts that the former is always less than 
the latter. 
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Also, since each of these is more constrained than the free motion, 
Tact SE rats BRIS atase 
Hence we have Rog = Rig + Ry. 


Therefore R,, is always greater than R,;. It follows that the motion which the 
system actually takes when subject to any impulses is such that the “ constraint” 
from the free motion is less than if the system took any other motion consistent 
with the geometrical conditions. This result is true whichever way the “‘constraint”’ 
is measured. 


393. If we suppose the system to be acted on by a series of indefinitely small 
impulses, these impulses may be regarded as finite forces. We therefore infer the 
following theorem, which is usually called Gauss’ principle of least constraint. 


The motion of a system of material points connected by any geometrical relations 
is always as nearly as possible in accordance with free motion; i.e. if the constraint 
during any time dt is measured by the sum of the products of the mass of each 
particle into the square of its distance at the end of that time from the position it 
would have taken if it had been free, then the actual motion during the time dt is 
such that the constraint is less than if the particles had taken any other position. 

Gauss remarks that the free motions of the particles when they are incom- 
patible with the geometrical conditions of the system are modified in exactly the 
game way as geometers modify results which have been obtained by observation, 
i.e. by applying the method of Least Squares so as to render them compatible with 
the geometrical conditions of the question. 


394. Ex. Any number of particles m,, m,, &e. are acted on by any forces 
whose components are m,X,, mMY,, m,4,, &c. Their coordinates x, y,, %; 
Ly, Yo, 23 ec. are connected together by some relation such as $(«,, &c.) =0. 
(For instance the particles may be beads slung on a@ string of given length whose 
extremities are tied together.) It is required to form the equations of motion. 


Let U, V, W be the resolved velocities of the typical particle m at the time ¢; 
u, v, w its resolved velocities just after the action of the impulse whose resolved 
parts are mXdt, mY dt, mZdt, on the supposition that the particle is perfectly free. 
But as the typical particle is not perfectly free, let u’, v’, w’ be its actual resolved 
velocities at the same instant. Then to find wu’, v’, w’ we make 


2Rj3= Um [(w' — u)? + (v’ — v)? + (w’ — w)?]=minimum............... (1), 
where the Z implies summation for all the particles. This quantity is to be a 
minimum for all variations of wu’, v’, w’ subject to the condition 


Pa CONES OOH AEGON =D) — sagocadoobohoosunbacocostmance (2), 
where the = here also implies summation for all suffixes. 


To make &,, a minimum we take the total differential of each of these quantities 
with regard to all the accented letters, multiply the second by some indeterminate 
multiplier \, and add the results together. HKquating to zero the coefticients of 
du’, &c. we obtain the three typical equations 


mu ~uU)+rp,=0, mv’ —v)+Apy=0, — m (w'~w) +g, =0......(3). 


Putting suffixes we have equations sufficient to find \ and the (u’, v’, w’) of every 
particle. 


394a. We may write these equations in another form. Since U and w’ are two 
successive values at an interval dt of the same quantity in the continuous motion 
dU 


which we are considering, we write u/— U= oF dt. Since w is the resolved velocity 
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after the impulse when the particle is free, we have w-U=Xdt. The equations 


therefore become m (F = x) +ug,=0, &., 


where «dt has been written for \. 


The equations in this form might have been derived directly from the principle 
of virtual work. By that principle we have 


aU a] 
>>) rs . = 
=m| (ze x) puace | =0 
with the condition =[¢,, 62 + &e.]=0. 


Multiplying the second by an indeterminate multiplier u, adding the results together, 
and equating to zero the coefficients of dz, &c. we obtain the same results as before. 


If we write the accelerations dU/dt=2", dV/dt=y", dW/dt=z” as usual it follows 
at once that the equation (1) takes the form 


2Ri3= =m {(@"” — X)? + (y” + VY)? +(2” — Z)?t, 
Gauss’ principle asserts that the accelerations assumed by the system are such 
that R,3 is a minimum subject to the geometrical conditions of the problem. 


A translation of this expression into generalized coordinates may be found in 
Art. 430¢ of the next chapter. 


EXAMPLES*. 


1. A screw of Archimedes is capable of turning freely about its axis, which is 
fixed in a vertical position: a heavy particle is placed at the top of the tube and 
runs down through it. Let n be the ratio of the mass of the screw to that of the 
particle, a the angle which the tangent to the screw makes with the horizon, h the 
height descended by the particle, a the radius. Prove that the whole angular 
velocity w communicated to the screw is given by w*a? (n+ 1) (n+sin a) =2gh cos? a. 


2. A fine circular tube, carrying within it a heavy particle, is set revolving 
about a vertical diameter. Show that the difference of the squares of the absolute 
velocities of the particle at any two given points of the tube equidistant from the 
axis is the same for all initial velocities of the particle and tube. 


3. A circular wire ring, carrying a small bead, lies on a smooth horizontal 
table; an elastic thread, the natural length of which is less than the diameter of 
the ring, has one end attached to the bead and the other to a point in the wire; the 
bead is placed initially so that the thread coincides very nearly with a diameter of 
the ring; find the vis viva of the system when the string has contracted to its 
original length. Art. 343. 

4. A straight tube of given length is capable of turning freely in a horizontal 
plane about one extremity, two equal particles are placed at different points 
within it at rest; an angular velocity being given to the system, determine the 
velocity of each particle on leaving the tube. 

5. A smooth circular tube of mass M has placed within it two equal particles 
of mass m, which are connected by an elastic string whose natural length is 2 of 
the circumference. The string is stretched until the particles are in contact, when 
the tube is placed flat on a smooth horizontal table and left to itself. Show that, 
when the string arrives at its natural length, the actual energy of the two particles 
is to the work done in stretching the string as 2 (M?+Mm-+m?) : (M+ 2m) (2M+m). 


* These examples, except the last two, are taken from the Examination Papers 
which have been set in the University and in the Colleges. 
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6. An endless flexible and inextensible chain, in which the mass per unit of 
length is «1 through one continuous half, and y’ through the other half, is stretched 
over two equal perfectly rough uniform circular dises (radius a, mass M) which can 
turn freely about their centres at a distance b in the same vertical line. Prove that 
the time 7’ of a small oscillation of the chain under the action of gravity is given by 

(u— pw’) 9g T?2=2r? {M+ (ra+b) (u+ph')t. 

7. ‘Two particles of masses m, m’ are connected by an inelastic string of length a. 

The former is placed in a smooth straight groove, and the latter is projected in a 


direction perpendicular to the groove with a velocity V. Prove that the particle m 
2am’ 


will oscillate through a space ;, and that, if m be large compared with m’, the 


m+ 71 


time of oscillation is nearly a (a _ i) : 


8. A rough plane rotates with uniform angular velocity n about a horizontal 
axis which is parallel to it but not init. A heavy sphere of radius a, being placed 
on the plane when in a horizontal position, rolls down it under the action of 
gravity. If the centre of the sphere be originally in the plane containing the 
moving axis and perpendicular to the moving plane, and if x be its distance from 
this plane at a subsequent time t, before the sphere leaves the plane, then 

t= eae. (=e — 84a — 60e ) exam Cm NTs - ms I sin nt, 
24/35 \ n* 12 7? 
¢ being the distance from the axis to the plane measured upwards. 

9. The extremities of a uniform heavy beam of length 2a slide on a smooth 
wire in the form of the curve whose equation is r=a(l1-—cos@), the prime radius 
being vertical and the vertex of the curve downwards. Prove that, if the beam 
be placed in a vertical position and displaced with a velocity just sufficient to 
bring it into a horizontal position, tan @=4 (er —e—*'), where @ is the angle through 
which the rod has turned during a time t, and 3g = 2ak?. 


10. A rigid body, whose radius of gyration about G the centre of gravity is k, is 
attached to a fixed point C by a string fastened to a point A on its surface. CA (=b) 
and AG (=a) are initially in one line, and to G is given a velocity V at right angles 
to that line. No impressed forces are supposed to act, and the string is attached 
so as always to remain in one right line. If @ be the angle between AG and AC 

, d0\?_ V2 k*— 4ab sin? 46 
g 1 
at time t, show that (Fr) BP aa?sin? é 
, be very small, find the period. 


, and if the amplitude of 6, i.e. 
2 sin cue 
2 /ab 

11. A fine weightless string having a particle at one extremity is partially 
coiled round a hoop, which is placed on a smooth horizontal plane, and is capable 
of motion about a fixed vertical axis through its centre. If the hoop be initially at 


rest and the particle be projected in a direction perpendicular to the length of the 
string, and if s be the portion of the string unwound at any time ¢, b the initial 


value of s, then s?— er V?t?+2Vat, where m and mw are the masses of the 
se, 
hoop and particle, a the radius of the hoop and V the velocity of projection. 


12. A square, formed of four similar uniform rods jointed freely at their ex- 
tremities, is laid upon a smooth horizontal table, one of its angular points being 
fixed : if angular velocities w, w’ in the plane of the table be communicated to the 
two sides containing this angle, show that the greatest value of the angle (2a) 
between them is given by the equation cos 2a= — ie ak : 

6 w+w? 


EXAMPLES old 


13. Two particles of masses m, m’ lying on a smooth horizontal table are con- 
nected by an inelastic string extended to its full length and passing through a small 
ring on the table. The particles are at distances a, a’ from the ring and are pro- 
jected with velocities v, v’ at right angles to the string. Prove that, if mv2a2=m/’v2a”, 
their second apsidal distances from the ring will be a’, a respectively. 


14. If a uniform thin rod PQ move, in consequence of a primitive impulse, 
between two smooth curves in the same plane, prove that the square of the angular 
velocity varies inversely as the difference between the sum of the squares of the 
normals OP, OQ to the curves at the extremities of the rod and one-third of the 
square of the whole length of the rod. 


15, Assuming that the muscular power or moving force of an animal varies as 
the sectional area of its limbs, and that its weight varies as its volume, prove that 
two animals of similar forms, but of different dimensions, can make jumps of exactly 
the same height, the height being measured by the vertical distance described by the 
centre of gravity after the animal has left the ground. 


16. The extremities of a uniform beam of length 2a slide on two slender rods 
without inertia, the plane of the rods being vertical, their point of intersection fixed, 
and the rods inclined at angles }7 and —47 to the horizon. The system is set 
rotating about the vertical line through the point of intersection of the rods with an 
angular velocity w; prove that if 6 be the inclination of the beam to the vertical at 
the time ¢ and a the initial value of 0, 

4 (=) (3 cos? a + sin? a)? 
dt 3 cos? 6 + sin? 6 


és WE ec : 
w= (3 cos? a + sin? a) w? + “2 (sin a — sin 6). 


17. A perfectly rough sphere of radius a is placed close to the intersection of 
the highest generating lines of two fixed equal horizontal cylinders of radius ¢, the 
axes being inclined at an angle 2a to each other, and is allowed to roll down 
between them. Prove that the vertical velocity of its centre in any position will be 

F 10g (a+c) (1—sin ¢) 
ee 7 —5 cos? ¢ cos? a 


radius to either point of contact. 


1 
i , where ¢ is the inclination to the horizon of the 


2 

18. Let a complete integral of the equation ue = oS in which T is a function 
of x, be e=X, X being a known function of a and b, two arbitrary constants, and t. 
ea aes R being a function of x, may also be repre- 
de dx * dx’ 8 eee Le 
sented by «=X provided that a and b are variable quantities determined by the 
Mak - ; = =-k ae , where k is a function of a andb which does not 
contain the time explicitly. 


Then the solution of 


equations 


19. A satellite, considered as a particle, revolves about its primary with an 
angular velocity 2, and the primary rotates about an axis which is perpendicular to 
the plane of the satellite’s orbit with an angular velocityn. Show that the angular 
momentum h of the system about its centre of gravity and the energy H are given 
by h= Cn+DQ~8, 2E = Cn? - Da, where C is the moment of inertia of the primary 
about the axis of rotation and D is a quantity depending on the masses of the 
bodies. 

Pane ae 
Trace the curves whose ordinates are h and F and abscissa is c=DQ™%. Show 


that the latter curve belongs to one or other of two species according as a 
maximum and a minimum ordinate do or do not exist, i.e. according as the 
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biquadratic h=2+CD%x~3 has two real roots or none. Show also that the real 
roots correspond to the case in which the primary always turns the same face to 
the satellite. 


20. Assuming the results of the last example, determine the effect on the 
motion of a continual loss of energy (due to tidal friction or any other cause), the 
angular momentum h being constant. Show that, when the circumstances of the 
system are such that the energy curve is of the second species, the satellite must 
ultimately fall into the planet. If the energy curve is of the first species, show 
that, according to the initial value of Q, the satellite will either fall into the planet 
or will approach the planet until it reaches a certain distance, when the two will 
revolve as a rigid body. 


To obtain these results imagine two points to be placed with the same abscissa, 
one on the momentum line and the other on the energy curve, and suppose the one 
on the energy curve to guide that on the momentum line. Since the energy 
decreases, it is clear that, however the two points are set initially, the point on the 
energy curve must always slide down a slope, carrying with it the other point. The 
final positions of the points will thus depend on the existence or absence of a 
minimum ordinate in the energy curve. See a paper by G. H. Darwin on the 
secular effects of tidal friction in the Proceedings of the Royal Society, June 1879, 
or Thomson and Tait’s Treatise on Natural Philosophy, Vol. 1. Part 11. App. Gb. 


CHAPTER VIII 
LAGRANGE’S EQUATIONS 


3895. Two advantages of Lagrange’s equations. Our 
object in this section is to form the general equations of motion 
of a dynamical system freed from all the unknown reactions and 
expressed, so far as is possible, in terms of any kind of coordinates 
which may be convenient in the problem under consideration. 


In order to eliminate the reactions we shall use the principle 
of virtual work. This principle has already been applied to 
obtain the equation of vis viva, by giving the system that par- 
ticular displacement which it would have taken if it had been left 
to itself. But since every dynamical problem can, by D’Alembert’s 
principle, be reduced to one in statics, it is clear that, by giving 
the system proper displacements, we must be able to deduce, as in 
Art. 357, not the vis viva equation only, but all the equations of 
motion. 


396. Let the coordinates of any particle m of the system 
referred to any fixed rectangular axes be (a, y, z). These are not 
independent of each other, being connected by the geometrical 
relations of the system. But they may be expressed in terms 
of a certain number of independent variables whose values will 
determine the position of the system at any time. Extending the 
definition given in Art. 73, we shall call these the coordinates 
of the system. Let them be called 0, ¢, w, &c. Then 4, y, z, &e. 
are functions of 0, g, &c. Let 


TP A CRI GSN SHO) nS AT RCO De (1); 
with similar equations for y and z. It should be noticed that 
these equations are not to contain dé/dt, dp/dt, &c. The independent 
variables in terms of which the motion is to be found may be any 
we please, with this restriction, that the coordinates of every particle 
of the body can, if required, be expressed in terms of them by 
means of equations which do not contain any dafferentral coefficients 
with regard to the time. When the system admits of such a 
choice of independent coordinates, it is said to be holonomous. 
This name is due to Hertz, Die Principien der Mechanik*, 1894. 


* The following is taken from the translation by Jones and Wallay, 1896. 

A material system between whose possible positions all conceivable continuous 
motions are also possible motions is called a holonomous system. 

The term means that such a system obeys integral laws whereas material systems 
in general obey only differential conditions. 
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The number of independent coordinates to which the position 
of a system is reduced by its geometrical relations 1s sometimes 
spoken of as the nwmber of degrees of freedom of that system. 
Sometimes it is referred to as being the number of independent 
motions of which the system admits. 


In this chapter total differential coefficients with regard to ¢ 
will in general be denoted by accents. Occasionally dots will be 
used as before, and sometimes the differential coefficients will be 


2 . 
written at length. Thus ae and we will in general be written 


dt dt? 
x and 2”. 
If 27 be the vis viva of the system, we have 
QT reine (C2 iy Pit 2) ewes een enaa (2); 
also since the geometrical equations do not contain 0’, ¢’, &c., 
nF GO + Eh + be Sadie ysercb aces ae (3), 


with similar equations for y’ and z’. In these the differential 
coefficients of f, &c. are partial. Substituting in the expression (2) 
we see that 27’ takes the form 


2T = Ay 0? + 24,06 +...+B,0 + Bog’ +...+C ...(4), 


where the coefficients A,, &c., B,, &c., and C are functions of 
t, 0, p, &c. The quadratic terms, i.e. those containing the squares 
and products of 6’, ¢’, &c., come from the substitution of all the 
terms of #’, except df/dt and those in y’, 2’ corresponding to it. 
If the geometrical equations do not contain the time explicitly, 
t is absent from the equations (1), the term df/dt is also absent in 
(3), and the expression for 27’ is reduced to the quadratic terms 
alone. We may briefly write (4) in the form 


21 (G0 by SiC. 0 on ec elC$) Meese cae (5). 


When the system of bodies is given, the form of F is known. 
It will appear presently that i is only through the form of 
F’ that the effective forces depend on the nature of the bodies 
considered ; so that two dynamical systems which have the same 
F are dynamically equivalent. 


It should be noticed that no powers of 0’, $’, kc. above the second 
enter into this function, and that, when the geometrical equations do 
not contain the time explicitly, it 1s a homogeneous function of 
0, d, ke. of the second order. 


397. Virtual work of the effective forces. To find the 
virtual moment of the momenta of a system, and also that of the 
effective forces, corresponding to a displacement produced by varying 
one coordinate only. 
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Let this coordinate be 6, and let us follow the notation already 
explained. Let all differential coefficients be partial, unless it 
be otherwise stated, excepting those denoted by accents. Since 
a, y', 2 are the components of the velocity, the virtual moment of 
the momenta is Xm (a’dx+y/dy + Sz), where 82, dy, dz are the 
small changes produced in the coordinates of the particle m by 
a variation 60 of 6. This is the same as 


xm (7 os +y/ 4 +2 ) 50. 
If 27 be the vis viva given by (2) of the last article, 
=: = im (« + &e.) ; 
But, differentiating (3) partially with regard to 6’, we see 
that a ee Hence —, 6@ is equal to the virtual moment of 
dd’ dé dy’ 


the momenta. 


398. The virtual work of the effective forces is 


ele OYE ne 
ain (2 qth aot aa) 


Omitting the factor 60, this may be written in the form 


d , an . ,a dx 
dt Xm(a opt be.) — Xn (« spt ee): 


where the - represents a total differential coefficient with regard 


to t. We have already proved that the first of these terms is 
d aT 
dt de” 
ential coefficient of 7. Differentiating the expression for 27 
partially with regard to @, 


It remains to express the second term also as a differ- 


dT da’ 
ys ee 
dé =m (2 dé +e.) , 
But, differentiating the expression for w’ with regard to 0, 
da da fe dx ae ada ce 


dd dodt' de ‘ dédd 


and this is the same as oe Hence the second term may be 

written 2 , and the virtual work of the effective forces is 
Re Le dl \ 

therefore (ai me dg 
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The following explanation will make the argument clearer. The virtual 
work of the effettive forces is clearly the ratio to dt of the difference between 
the virtual moments of the momenta of the particles of the system at the times 
t+dt and t, the displacements being the same at each time. The virtual moment 


4 CTO, 
of the momenta at the time t is first shown to be 08. Hence (F + at) 66 


do’ at do’ 
is the virtual moment of the momenta at the time t+dt corresponding to a dis- 
placement 50 consistent with the positions of the particles at that time. To make 
the displacements the same, we must subtract from this the virtual moment of the 
momenta for a displacement which is the difference between the two displacements 


d. nee 5 z 
at the times t and t+dt. Since 64 = a 60, this difference for the variable x is 


d (dx a Gh Gee 
F (G) dt 56. We therefore subtract on the whole 2m aa (33) dt + &e. } 60, and 


this is shown to be -7) dt 60. 


399. Lagrange’s equations for finite forces. To deduce 
the general equations of motion referred to any coordinates. 


Let U be the force-function, then U is a function of 0, 6, &c. 
and ¢. The virtual work of the impressed forces corresponding 


to a displacement produced by varying @ only is oF 80. But by 


D’Alembert’s principle this must be the same as the virtual 
work of the effective forces. Hence 


adr at adv 


dtde’ dé dd’ 
a: id OL ees 
Similarly we have FERED URS FES &e. = &e. 


It may be remarked that if V be the potential energy we 
must write —V for U. We then have 


d aT qT dV _ 
dtde’ dd" do 
with similar equations for ¢, y, &c. 


0, 


In using these equations, it should be remembered that all the 
differential coefficients are partial except that with regard to ¢. 


Let us write L=7'+U, so that L is the difference of the 
kinetic and potential energies. Then, since U is not a function 
of 6’, ¢’, &., the Lagrangian equations may be written in the 
typical form ddL dL _ 0 

digg 00... 
Thus it appears that, when the one function Z is known, all 
the differential equations of motion may be deduced by simple 
partial differentiations. The function LZ is called the Lagrangian 
function. It has also been called by Helmholtz The Kinetic 
Potential, Crelle’s Journal, 100, 1886. 
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These are called Lagrange’s general equations of motion. Lagrange only 
considers the case in which the geometrical equations do not contain the time 
explicitly, but it has been shown by Vieille, in Liowville’s Journal, 1849, that the 
equations are still true when this restriction is removed. In the proof given above 
we have included Vieille’s extension, and adopted in part Sir W. Hamilton’s mode 
of proof, Phil. Trans. 1834. It differs from Lagrange’s in two respects; firstly, he 
makes the arbitrary displacement such that only one coordinate varies at a time, 
and secondly, he operates directly on T instead of >m2’2. 


399a. Ex. 1. If we change the coordinates in Lagrange’s equation from 
0, p, &e. to any others x, y, which are connected with 6, ¢, &c. by equations which 
do not contain differential coefficients with regard to the time, show by an analytical 
transformation that the form of Lagrange’s equations is not altered, i.e. that the 
transformed equations are the same as the original ones with a, y, &. written 
for 6, d, &c. This is of course evident by dynamics. 


By differentiating L we see that 
aL ddbL _ (3 d a) dé (a d iy) dd 


da dtde’—\ao dide')az*\ae dtd@’) de * © 


If then every term on the right-hand side is zero, the term on the left must also 
vanish, 

See a note near the end of this volume on the proof of Lagrange’s equations. 
Another demonstration founded on the Calculus of Variations is given in Art. 460, 
Vol. 1. of this treatise. An extension of the theorem to the case in which L is 
a function of 6”, 6’”, &c.; ¢”, ¢'”’, &c. as well as of 6, 6’; ¢, ¢’; &c. may then 
be made. Let the operator 

d ad a da 
do” dtde’* de® a9” 
be represented by the symbol Ag. Then when the variables are changed to 


&e. 


x, y, &c. we have 

dé 

ix a 
Ex. 2. If two sides b, c and the included angle A of any triangle be taken as the 

coordinates 0, ¢, y, prove that the Lagrangian equations are satisfied by L=B’. 
This easily follows from the last example by a change of coordinates. 


d 
A,L=(A,L) (AgL) +a. 


Ex. 3. Show that the Lagrangian equations are independent so that no one 
can be deduced from the others. 

Referring to Art. 396 we see that 27 has the general form given in (4) which 
we may briefly write 7=7,+7,+7 ) where 7, is a homogeneous function of 
6’, ¢’, &c. of m dimensions. The Lagrangian equations take the form 

Ay 0" + Ayo" +...=Wy, AO" +4Anh"+...=W,, &e.=&e., 
where W,, W2, &c. are certain functions of 0, ¢, &c., 6’, ¢’, &c. If any one of 
these equations could be deduced from the others, we could, by using the same 
multipliers, deduce one of the equations 
A110 + Ayo’ +...=0, ° 44,0’ + Ago G'+...=0, &e.=0 

from the others. All these latter equations could then be satisfied by giving 
6’, ¢’, &e. values other than zero. Since these are dT’,/d0’, dT,/dg’, &c., it follows 
from Euler’s theorem on homogeneous functions that 7’, must be zero for the same 
values of the velocities 6’, ¢’, &c. But 7, being obtained by substituting in (2) of 
Art. 396 certain terms of x’, y’, 2 (which are not all zero), is essentially a positive 
function and cannot be zero. 


R. D. oi 
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It follows from this reasoning that the determinant of elimination of the above 
equations, that is the discriminant of Tz cannot be zero. We may also prove that 
the discriminant is positive; for giving the coordinates @, ¢, ... their instantaneous 
values, the velocities 6’, ¢’,... are arbitrary. Thus 7, is a quadric function of 
6’, ¢’, ... Which is essentially positive. It follows from the theory of quadrics that 
the discriminant is positive. See also Vol. 11. note to Art. 60. 


400. Indeterminate Multipliers. In order to use these 
equations it is necessary to express the Lagrangian function L in 
terms of the independent coordinates of the system. If the geo- 
metrical conditions are somewhat complex it may be very trouble- 
some to do this. It is sometimes convenient to express LZ as a 
function of more than the necessary number of coordinates and to 
have geometrical relations connecting them. Suppose that we have 
L expressed as a function of the coordinates 0, , wr, &c., 0, $', Ww’, &., 
and that there are two geometrical equations connecting these co- 
ordinates, viz. 


FO; b,. Se)' = 0) AE Opec) 0 eee (1). 


To simplify the explanation, we suppose that there are only two 
such geometrical equations, but it will be seen that the process 
is quite general and will apply to any number of conditions. 


By the principle of virtual work we have 


ddL dL a@al ab 
(557 - aa) 80+ (Tag ~ ag) 0 + B= sae (2). 
Te Be : 
Also dé 60 + dd do ike. == OF et (3), 
dF dF 
and dé 60 ap dd op + &e=0...... (4). 


Since the coordinates 0, ¢, &c. are connected by two geometrical 
equations, two of them are dependent variables; let these be 
6, ¢. Following the argument explained in the differential 
calculus, we multiply (3) and (4) by two arbitrary quantities 
rand pw, and add the products to (2). We now choose \ and p 
so that the coefficients of 60, 66 may be zero. The remaining 
coordinates , &c., being independent, the coefficients of dy, &c., 
must also vanish. We thus have 


ile edie et ae 
did’ do *»aot qo =? 


dak dh af dF \cccsorccaenrn (5). 
didg’ dp'*det#ag-° 
&e. = 0 


There are here as many equations as coordinates. Joining these 
to the equations (1) we have sufficient equations to find all the 
coordinates and the two multipliers \ and yu. 
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These equations may be put into a simpler form. We notice 
that the geometrical functions f and F do not contain 6, ¢’, &e. 
(see also Art. 396). Let us then write 


NS ch pt Bos ccs oneeaee otean te) (6), 
and treat Z, as if it were the Lagrangian function. If we substitute 
this value of Z, in the typical equation 

ddl, dL, _ 

dt dd’ =o “dé = 0 Ce i od (7), 


where @ stands for any one of the coordinates, and simplify the 
results by remembering that f=0, /’=0, we obtain in turn all the 
equations (5). The same process will also supply the geometrical 
equations (1), if we include X and yu among the coordinates. 
Thus, since LZ, contains no 2’, we have dL,/dd’ =0; hence, writing 
X for @, the equation (7) gives f= 0. 


If the geometrical equations (1) contain ¢, the argument and 
the result are the same, for the arbitrary variations 60, 54 must 
(as in Art. 351) be consistent with the geometrical equations which 
hold at the time t. 


Ex. A particle under the action of no impressed forces is constrained to remain 
on the curve 2?+y?=2azt. Show that 


e=at {+005 (2+4)h, yaatsin (B44). 


401. Lagrange’s equations for impulsive forces. Let 
the system, defined by the arbitrary coordinates 6, d, &c., be subjected 
at the time t to umpulsive forces which act at definite points. It rs 
required to deduce the changes produced in the motion. 

Let 65U be the virtual moment of the impulsive forces pro- 
duced by a general displacement of the system. Then from the 
geometry of the system, we can express 6U in the form 

OU etl OO FO Ob leas oleae sca. sues none (1). 

The virtual moment of the momenta given to the particles is 

dm {(a! — a) ba + (yy — yo’) By + (a! — &’) 82}... (2), 
where (% Yo» 2), (i, Wi, 4) are the values of (a’, y, 2) just 
before and just after the action of the impulsive forces. 

Let us suppose that every possible motion of the point (a, y, 2) 
is given by 

Om OO Od 4 .c0t@ Waientersssnarters (3), 
with similar expressions for y and z when b,, b,, &.; C4, C2, &e. are 
written for a, a2, &c. Hence a, a, &c. are known functions of 
the coordinates 0, ¢, &c. and ¢. They would be df/dé, df/d¢, &c. 
as given by equations (3) of Art. 396 if the system were holono- 
mous, but this restriction is not necessary * for our present purpose. 


* See a memoir by MM. Beghin and Rousseau in the Journal de Mathématiques, 
Liouville, Tome 1x. 1903. 


21—2 
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Since the virtual displacement must be consistent with the 
geometrical conditions which hold for any instant, we have, when 
only the coordinate @ is varied (as in Art. 397), 

62 =a,60, dy=b,60, b2=¢,60. 
. im (ada + y by + 282) = =m (a0 + by’ + G2’) 86. 

But since 27 = Xm (x?+y?+2z”") and the partial differential 
coefficients da’/d0’ =a,, dy'/d&’ =b,, dz'/d@’=c, by equations (3), 

da’ dy’ dz’ dT 
Bes YW) patel Posse! wee peden 
these are = Xm (2 de’ +y 16’ +2 e) 50 8’ O86. 

Let 6), oo, &e., 01’, diy, &e. be the values of 6, $’, &e. just 
before and just after the impulses, and let 7), 7, be the values of 
T when these are substituted for 6’, ¢’, &c. The virtual moment 


of the momenta is then (Sa 5) 60. The Lagrangian equa- 
1 0 
tions of impulses may therefore be written 
aT, dT, _ 
do,’ ae d0,, = dae 


with similar equations for ¢, , &c. These equations are some- 
times written in the convenient forms 


dT! ars} 
(ae), (ag)-% & 

where the brackets enclosing any quantity imply that that quantity 

is to be taken between the limits mentioned. Sometimes when no 

mistake can arise as to the particular limits meant, these are 

omitted, and only the brackets, with perhaps some distinguishing 

marks, retained. 


When the quantity in brackets (as in our case) is a linear 
function of the variables 6’, ¢’, &c. of the first order, another 
meaning can be given to the expressions. The brackets may then 
be said to indicate that 0 — 0, $, — dy, &e. are to be written for 
0’, ¢’, &c. after all other operations indicated within the brackets 
have been performed. 


402. If we interpret our equations by the general principles 
of Art, 283, viz., that the momenta of the particles just after an 
impulse compounded with the reversed momenta just before are 
equivalent to the wmpulse, we see that it will be convenient to 


call S the generalized component of the momenta with regard 


to @,aname suggested in Thomson and Tait’s Natural Philosophy. 
More briefly we may say that this is the @-component of the mo- 
mentum. In the same way we may define the 6-component of the 


. ad? 4d? 
effective forces to be adv de: when the system is holonomous, 
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Suppose for example that a variation 80 of any coordinate 
has the effect of turning the system as a whole about some 
straight line through an angle 80, then d7/d@ is equal to the angular 
momentum about that straight line. But, if the variation 60 
move the system as a whole parallel to some straight line through 
a space 60, then d7/d@ is the linear momentum parallel to that 
straight line. These results also follow immediately from the general ex- 
pression 


GH ae OD ae, OF Oe 

ag ™ (« sa ty 30+? 35) 5 
givenabove. Let the given straight line be the axis of z. In the first case da= — yd0, 
6y=260, 6z=0, hence the expression reduces to 2m(-a'y + y’a), which is the angular 
momentum. In the second case 62=0, dy =0, 6z=60, hence the expression becomes 
mz’, which is the linear momentum. 


The equations for impulsive forces were not given by Lagrange. They seem to 
have been first deduced by Prof. C. Niven from the Lagrangian equation 
ar at) au 
dt dl’ de do~ 
We may regard an impulse as the limit of a very large force acting for a very 
short time. Lett, t, be the times at which the force begins and ceases to act. Let 
us integrate this equation between the limitst=t) andt=t,. The integral of the first 
aT 
do" 
The integral of the second term is zero. For dT/dé is a function of 0, ¢, &c., 6’, ¢’, &ec. 
which, though variable, remains finite during the time t,—t). If 4 be its greatest 
value during this time, the integral is less than A (t, — to), which ultimately vanishes. 
aT dU 
ral ~ af © 
Mathematical Messenger for May, 1867, Vol. 1v. page 82. 


t 
term is Ea which is the difference between the initial and final values of 
0 


Hence the Lagrangian equation becomes See a paper in the 


403. Obligatory Motions and Sudden Fixtures. 4 system of bodies is 
moving in a given manner. Suddenly certain points are seized and constrained 
to move under new conditions. Hind the subsequent motion. 


To simplify matters let the system have four coordinates 0, ¢, y, x, and let two 
points A, B be suddenly constrained to remain on two planes which move parallel 
to themselves with given velocities a, 8, the motions of the points along the planes 
being perfectly free and unrestricted. If, for example, 4 and B coincide and the 
motion is in two dimensions, this is equivalent to saying that the point A is suddenly 
made to move in a given direction with a given velocity, Art. 171. 


Let p, q be the distances (or any convenient functions of the distances) of A 
and B from two fixed planes parallel to the moving planes, then p, q are known 
functions of 0, ¢, ¥, x, and two geometrical equations of the form 

p=f( (0, o, ¥, x)=atat, G= HO Gy Wie) Ur Bie cece saree (1) 
have been introduced into the system. By the introduction of these constraints 
the variables p, qg have become determined, and the system has then only two 
degrees of freedom. We shall however still consider the system to have four 
degrees of freedom and to be acted on by two impulses such that the subsequent 
motion satisfies the equations (1). 

The solution would be much simplified if the coordinates were originally so 
chosen that p, q are two of them, the other two (say 0, ¢) being any independent 
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quantities. If this choice has not been made we can analytically effect the change 
of coordinates from 6, ¢, ¥, x to 6, %, p, q by substituting for y, x their values 
given by (1) in terms of 0, ¢, p, q in all the equations connected with the problem. 
We may call 6, ¢ the coordinates of the relative motion because their arbitrary 
variations (p, q having the values given by (1) in terms of t) move the system 
into all positions consistent with the constraints, while p, q may be called the 
coordinates of the constraint because their arbitrary variations would contradict 
the conditions of the constraint. This choice of coordinates is exactly the same as 
that made in Art, 293, 

Since the impulses act normally to the moving planes we have 6U= Pép + Q6q, 


where P and Q may be taken as measures of the impulses. The Lagrangian 
equations therefore become 


dT \1 dT\1 dT \1 CEN 
2 Vee (Se eee eae ee 
(Gr ); 7 a 3 fe , G I @ 


The two first only are required to find the change of motion and these may be 
summed up in the following rule; the generalized components of momenta with 
regard to the coordinates of the relative motion are unchanged by the impulses. 
This is really the generalized form of the rule already given in Art. 288. We see 
also that when the subsequent motion only is required it is unnecessary to calculate 
the force function U, it is sufficient to know the form of T. 

When it is important to use coordinates 0, ¢, w, x which are not those of the 
constraints and relative motion we slightly alter the arrangement. We now write 

SU=P(f,d0 +f, 56 + ke.) + Q(F,00+ FP, 5p + &e.), 


where as usual suffixes denote partial differential coefficients. The Lagrangian 
equations then become 


aT\1 aT \} aT \1 aT \1 
= |) V2 |) = F —,) =&e., —j)=&e 
(ae) =P Oe (ae) =P Pe Cap )enee (ae).=#° 
Joining these four to the given relations (1) we have sufficient equations to find the 
subsequent values of 0’, ¢’, y’, x’ and, if required, the two quantities P, Q. 


Ex. A point O in a moving disc is suddenly made to move with given com- 
ponent velocities a, 8 parallel to the axes. Find the subsequent motion. This is 
the problem already solved in Art, 171. 

Let p, q be the distances of O from the axes; the equations of constraint are 
p=at, q=t. Let @ be the angle OG makes with the axis of z, OG=r. Then 

27 =(p'—r sin 06’)? + (q’ +7 cos 00’)? + k26”, 
Here the relative motion has only one coordinate, viz. 0, 


aT é : 
aga (p’—r sin 00’) r sin 6+ (q'+r cos 00’) 7 cos 6+ k0’. 


If (as in Art. 171) u, v are the resolved velocities of G before impact, w the 
angular velocity, we see that po’ =u+rsin Ow, gq) =v—71r cos Ow, 0)’ =w, just before 
the impact, while just after p,/=a, q,/=8. Substituting these values in the 
expression for d7'/d6’ and equating the results we find the value of 6’ just after 
impact. This value agrees with that given for w’ in Art. 171. 


404. When two smooth elastic systems impinge on each other at one point we 
divide the duration of the impact into the two periods of compression and restitu- 
tion, Arts. 179, 185, &c. Let 0)’, dy’, &c.; 6,', &e.; Oo’, &c. be the values of the 
velocities of the coordinates just before impact begins, at the moment of greatest 
compression and at the moment of separation respectively. Let U, be the work of 
the blow of compression, then U, has the measure of that blow as one factor, the 
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other factors being known from the geometry of the figure. It follows that Uye is 
the work function of the blow of restitution. We thus have two sets of equations 
ay = a ded, 

do’_|)~ do’ 7 |= ae ae) 

with similar equations for ¢, y, &¢. Joining the first set of equations to the 
geometrical condition which expresses the fact that the normal velocities of the 
points of contact are equal, Art. 183, we have sufficient equations to find 6;’, &c. 
and the blow of compression, Substituting this value of the blow in the second set 
we have as many equations as there are coordinates to find 6,', ¢,', &c. 


typified by 


Since both sets of equations are linear and have the same coefficients on their 
left-hand sides, the values of 6,/— 0,', &c. found from the first must be proportional 
to the values of 6,’ — 6)’, &c. found from the second, i.e. 


(82 — 09’) =(1 +e) (01’ - 0’), ($2' — b0')=(1 +e) (pr — $0’), &e. 
Thus, when the solution is known on the supposition that the system is inelastic, the 
motion when elastic can at once be deduced. 


We may obtain this result without using Lagrange’s equations. Suppose a system 
of bodies (like the rods in Art. 176) to be hinged together and to impinge at some 
point A on a smooth obstacle and let the motion be in two dimensions. Let R be 
the blow at A measured from the beginning of the impact up to any time ¢ less 
than the duration of the impact and let its direction be unaltered throughout the 
impact. Let uo, v9, u, v be the resolved velocities of the centre of gravity of any 
one body, and wy, w the angular velocities at the beginning of the impact and at 
the time ¢ respectively. The dynamical equations connecting the effective forces 
m (u—U), m(v—v>) and the couples mk? (w—w ) taken throughout the system with 
the blow R are known to be linear; Art. 169. Also the equations which express 
the identity of the velocities of the points hinged together are linear functions 
of the velocities u, v, w. Assuming that no hinge is broken by the impact these 
equations also hold for the differences w—u), v—V9, w—w). We have therefore 
only linear equations to solve, hence, for each body, w—uwy=aR, v—v)=bR, &e. 
where a, b, &c. depend on the geometrical relations of the system. Hence if 
Uy, Uy, Uy are the values of any component of motion at the beginning of the 
impact, the moment of greatest compression and at the termination of the impact, 
we have wy — t= (u, — Uo) (1+e). 


405. Examples of Lagrange’s equations. 4A body, two of whose principal 
moments at the centre of gravity are equal, turns under the action of gravity about 
a fixed point O, situated in the axis of unequal moment. To determine the con- 
ditions that there may be a simple equivalent pendulum. 


Def. Ifa body be suspended from a fixed point O under the action of gravity, 
and if the angular motion of the straight line joining O to the centre of gravity be 
the same as that of a string of length J to the extremity of which a heavy particle 
is attached, then J is called the length of the simple equivalent pendulum. This is 
an extension of the definition in Art. 92. 


Let OC be the axis of unequal moment, A, A, C the principal moments at the 
fixed point, and let the rest of the notation be the same as in Art. 365, Ex.1. Then 
2T= A (0 +8in? Oy’) + C (¢'+Y/ cos 0)?, 

U=Mghcos 0+ constant, 


where h is the distance of the centre of gravity from the fixed point, and gravity 
is supposed to act in the positive direction of the axis of z. Lagrange’s equations 
will be found to become 
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- (A6’) — Asin 0 cos OY? + Cy’ (¢' +’ cos 0) sin 0= — Mghsin 0, 


d Php 
£ {0 (9'+¥' c080)} =0, 


d, 
dt { 

Integrating the second of Lagrange’s equations, we have 

$+’ cos 0=n, 
where n is a constant expressing the angular velocity about the axis of unequal 
moment. (See Art. 256.) Integrating the third we have 
Cn cos 6+ A sin? 6y/=a, 
where a is another constant expressing the moment of the momentum about the 
vertical through O. (See Arts. 264 and 265, also Art. 402.) 

There are errors, sometimes made in using Lagrange’s equations, which we 
should here guard against. If ws; be the angular velocity about OC, we know by 
Euler’s equations, Art. 252, that w; is constant. If m be this constant, the vis viva 
of the body may be correctly written in the form 

2T=A (0 +sin? oy”) + Cn2. 

But, if this value of 7’ were substituted in Lagrange’s equations, we should obtain 
results altogether erroneous. The reason is, that, in Lagrange’s equations, all the 
differential coefficients except those with regard to ¢ are partial. Though ws is 
constant, and therefore its total differential coefficient with regard to ¢ is zero, yet 
its partial differential coefficients with regard to 0, ¢, &c. are not zero. Again, 
the equation w3;=m involves the velocities ¢’, y’ (Art. 256), hence, as explained in 
Art. 396, we cannot use it as a geometrical equation to reduce the number of 
independent coordinates. 


C(¢’+ YW cos 6) cos 6+ sin? Oy'} = 


Instead of the first equation, we may use the equation of vis viva, which gives 
A (sin? Oy’? + 0”) =B+2Mgh cos 0. 
To find the arbitrary constants a and 8 we must have recourse to the initial 
values of andy. Let 0), yp, d0,/dt, dyo/dt be the initial values of 0, y, d0/dt, 
dy/dt; then the above equations become 


- 5,0 Cn aVe |. 
2 = 2 a 
sin?@ Ap ai cos §=sin? 9, —~ at CW 088, 


pera 1). 
dy dé : do\? d0y\? Mgh ( 
2 = 2 = 
sin 0() +(G) =sin 0y( #2) (Gr) +2 vi (cos 8 — cos 9p) 


These equations, when solved, give 9 and w in terms of t, and thus determine 
the motion of the line OG. The corresponding equations for the motion of the 
simple equivalent pendulum OZ are found by making C=0, 4=MP, and h=l, 
where J is the length of the pendulum, These changes give 


- ay dy 
2 
sin? @ dp 82” 9 2 an 


dy cee TN et) Gi eee 
sin? 6 —gin26, | =29 0 - 
in (Z al +($) sin ou( T°) +(GP) +25 (cos 6 — cos 45) 


In order that the motions of the two lines OG and OL may be the same, the two 
equations (1) and (2) must be the same. This will be the case if either Cn=0, or 
@=6). In the first case, we must have n=0, or C=O, so that either the body 
must have no rotation about OG, or the body must be arod. In the second case, 
we must have throughout the motion @ and y' constant, so that the body must 
be moving in steady motion making a constant angle with the vertical. In either 
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case, the two sets of equations are identical if Mhl=A. This is the same formula 
as that obtained in Art. 92. 


Ex. Two equal heavy uniform rods, CA, CB, freely hinged at C, are moving in 
any manner under the action of gravity. Express the kinetic energy of the system 
in terms of the coordinates of C and the direction-cosines (1, m, n) (A, u, v) of CA, 
CB referred to any fixed rectangular axes: and prove that if dashes are used to 
denote differentiations with regard to the time, 

51” — BN": 5m” — Bu” : bn” — By" 22 li min, 
BN” = BU" : bu” —3m” : bv” —Bn"” ss Ni ws vy. 
[Use Indeterminate Multipliers, Art. 400.] [Coll. Ex. 1903. 


406. Ex. 1. Show how to deduce EHuler’s equations, Art. 252, from Lagrange’s 

equations. Taking as axes of reference the principal axes at the fixed point, 
2T = Aw,? + Bug? + Cw,?. 
We cannot take (w,, w), ws) as the independent variables, because the coordinates of 
every particle of the body cannot be expressed in terms of them without introducing 
differential coefficients into the geometrical equations. (See Art. 396.) Let us 
therefore express w,, w,, w; in terms of 0, ¢, y. By Art. 256, we have 
w,=6' sin ¢— y’ sin 6 cos ¢, w,=6' cos p+y’ sin @ sin ¢, w,=¢' +’ cos O. 

As it is only necessary to establish one of Euler’s equations, the others following 
by symmetry, we need only use that one of Lagrange’s equations which gives the 
simplest result. Since ¢’ does not enter into the expressions for w,, w,, it is most 
dar _av_av 
dtd?’ dp dd° 

Now aoe Bere 5 Aen, T+ Bony TP = Ae ty Bort 5 as may 
be seen by differentiating the expressions for w,, w,. Also, by Art. 340, if N be 
the moment of the forces about the axis of C, dU/dp=N. Substituting we have 

d (Cw,)/dt — (A — B) w,0,=N, which is a typical form of Huler’s equations. 


convenient to use the equation 


aT da. 


d 
=Cw;, and q 


Ex. 2. A body turns about a fixed point and its vis viva is given by 
2T = Aw,? + Bug? + Cw,” — 2D ww, — 2Hw, 0, — 2Fw, wo. 
Show that, if the axes are fixed in the body, but are not necessarily principal 
axes, Euler’s equations of motion may be written in the form 
daar ar aT 
dt do, dw, oar dw 
with two similar equations. This result is given by Lagrange. 


=, 


407. Ex. 1. Deduce the equation of energy from Lagrange’s equations. We 
assume that the geometrical equations do not contain the time explicitly (Art. 350), 
go that T is a homogeneous function of 6’, ¢’, of the second order and is not an 
explicit function of ¢ (Art. 396). Its total differential coefficient is therefore 


(high Met ie Gil! 
a Q A We lstepnnnaensas se toonaae Tene: iy 
a qo? * ae? + &e (1) 
where the &c. includes the corresponding terms for ¢, y, &c. Substitute for d7'/dée 
from Lagrange’s equations (Art. 399), we find 


Clam =, (ae) dT dU 


/ ape / 
Nag a, an 


d/,aT\ av, 
=F (0 Sy) ~ ae Ore 
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where the &c. includes similar terms for ¢, y, &c. But 


aT dU ,, dU 

6 qe t &¢-= 27; ae” de ai 5 
Oho Jt Gh I CHO! 

¢ = 5 oe = (UF ihe 

sat Z dt dt’ Z sod 


Ex. 2. Find the equation corresponding to that of vis viva when 7’ and U are 
any functions of the variables 0, ¢, &c. which satisfy Lagrange’s equations, 7 being 
also a function of 6’, ¢’, &c. but not restricted to be of the second degree and not 
necessarily homogeneous, 


Writing T=T,+7,-+...+7) where T,, is a homogeneous function of m 
dimensions in 6’, ¢’, &c. we find by a similar process 


(n=1) 7,,+(n—2)2,5+...+2,—=1,=U+C, 
where we notice that the term 7, has disappeared; see Vol. 1. Art. 44. 
If T and U are eaplicit functions of the time t also, we must add to the left-hand 


side i = dt where L=7T+U, the differential coefficient being partial and the 


integral total. 


Ex. 3. Solve Lagrange’s equations when 


T=$f, (0) 0° +3 fo (¢) p?+&e., U=F,(0)+F,(¢)+&e. 
The Lagrangian equation to find 6 is 
ad, , d i GEO 
2 WHC EB ee 


: yy af, (8) ' ) (G=- dF, (9) / 

PF ONC OE 0 ee 
Integrate this by inspection PROC SIEM EEG: conaooodesdonbondocassandocesoo: (1). 
Similarly 4/, (¢) ¢’?=F,(¢)+6 and so on. 


These results may also be obtained ies a change of variables. Put 
daz 1 1 
BAO B=H lO}, ae.s 


. T=}(a?+y74+ &e.), U= x, (x) +xo (y) + &e. 
The Lagrangian equations are 


d ,_ 4x, (x) d ,_ 4x2(y) . 
dh. ice ah ea 


dy, (2) dF, (0) a6 
Slip | PEGI oe eee el 
ee =| da es I do da’ 


. $F; (8) 0° =F, (8) +05 
and the other integrals follow by symmetry. 


Another solution. ‘The following solution is instructive. It is evident that, 
with these forms of 7 and U, the several Lagrangian equations are really inde- 
pendent, the @ equation contains only 0, the ¢ equation only @ and so on. Hach 
equation taken alone represents a possible motion in which one coordinate only 
varies. For each there will be a separate equation of energy, and these are the first 


integrals just found. 
Ex. 4. Liouville’s Integrals. Let a dynamical system be such that 
THA (A, 62a Ae Ron keene ee (1), 
Ut C= (i, (0) 4 Ba(e)-nec ¥ Ma wan eae ee (2), 
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where A, is a function of @ only, Ag of ¢ only and so on, while M may be a 
function of all the coordinates. Prove that the first integrals of the Lagrangian 
equations are 


$M?74,07=F,(6)+a, 4M?24962=F,(p) +B, &e. cree... (3), 
where a+$+é&c.=0. The variables may now be separated by division, we there- 


fore know the differential equations of the paths, and thence the value of dt/d@ in 
terms of 0. 


To obtain these integrals we change the coordinates by writing 
A,0"=42, Agd%=y”, &e. 
We then have by the principle of vis viva 


MA (a cety 2-1 O50.) Ui Gene mcesen ents deasensinestieete (4). 
The x Lagrange’s equation is 
d dM dU 
pies D) S22 IO sho fh aes 
a ee) ure (v2 + y/24 &.) = a 
Substitute from (4), and we find 
ed ea ae dU7 dx 
Mx ay le) = ap e dp ee (5). 


d dF; (0) 
W - U has 
No ag Mt ( + 0)}= 7) 


we obtain the first of the integrals (3). The final integrals are given in Liouville’s 
Journal, 1846, Vols. x1., x1t., 1849, Vol. xrv., p. 291. 


It will be proved in Art. 431 that this process is equivalent to a change of the 
independent variable from t to r, where dt= Mdr. 


and @ is a function of « only, hence by integrating (5) 


Ex. 5. A dynamical system is such that 
T= M {443102 4+ A120’ +4An09}, U+C=B/M, 
where M is a function of @ and ¢, but 4,,, 45, do and B are functions of ¢ only. 
Prove that a first integral of Lagrange’s equations is 
M {Ay 6+ Ayog"} =a, 

where a is an arbitrary constant. 

To prove this we combine the @ Lagrangian equation with the equation of 
energy. It may also be deduced by inspection, if the independent variable is 
changed as explained in Art. 431. 


Ex. 6. The elliptic coordinates of a particle are \, wu, v, and the particle is 

constrained to move on a fixed ellipsoid \._ The force function U being given by 
(uw? — v2) U=F, (u) + Fo(v) 
and the kinetic energy by Art. 365, Ex. 4, deduce from Liouville’s integrals that 
2 2\2 (1,2 — \2 12 2 y2)\2 (y2 — \2)\ »/2 

e Gi a) Sane =F, (u)+ Cu? +D, : a i = a = - F,(v) +r? +D, 
where h, k are the semi-axes of the focal conics. By division the discovery of the 
path is reduced to integration. 

This solution applies in the following cases or any combinations of them. 
(1) When the force tends from the centre and varies as the distance, we have 

QU a=r2=)24+ 24+ y2-h?- Hh, ow. U (uw -v*) =F, (uw) + Fy (r). 

(2) When the force acts perpendicularly to the plane of yz and varies inversely as 
the cube of the distance from that plane, we have \uww=+hkx, hence U=A/]yu?v? 
and (u2—v?) U has the required form. (3) When the force is central and such that 


U=A|(p2- m?)} where p is the distance of the particle from either of the fixed 
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points x=+hk/\, y=0, z=0 and m?\?=(d?- hh?) (?-F). We notice that m=0 
when \=h or k, that is when the ellipsoid becomes a plane. 

Solutions of this and other problems of the same kind are given in the author’s 
treatise on Dynamics of a Particle under the heading Motion on an ellipsoid, 
Chap. vit. 


408. Examples on impulses. Ex.1. 4 rhombus, formed of four jointed rods, 
falling from rest with a diagonal vertical impinges with velocity V on a fixed horizon- 
tal inelastic plane at the corner A. Find the subsequent initial motion. This is the 
problem solved in Art. 176; for the sake of comparison we shall here give two 
solutions both founded on the Lagrangian equations. 

Let the mass of each rod be unity. Let x be the altitude of the centre of 
gravity of the rhombus, @ the inclination of any rod to the vertical. If we take 
x and 6 as the coordinates of the system, we have 7 =2 {a’?+(k?+ a”) 0}. 

If P be the impulse at A, we have 

5U=P6 (x — 2a cos 0) = Péx + 2aP sin 650. 
The Lagrangian equations are by Art. 401 
4 (a,'—2%))=P, 4(k? +a?) (0, - 0)') =2aP sin 0. 

The initial and final values of «’ are x)’ = —V, x,'= —2awsin 0; those of 6’ are 
Oo’ =0, 6;/=w. Hence putting k?=4a7 and eliminating P we have w=5 = er ’ 
which is the same result as in Art. 176. 


Remark on the choice of coordinates. The objection to the solution given above 
is that we have to use all the Lagrangian equations though the impulse is not 
required. If we wish to avoid introducing the impulse into the equations, we must 
use such coordinates that the variation of one alone while the other is constant does 
not alter the point of application of the blow. When the coordinates chosen are 
z and @ a variation of either alone alters the position of A. But if we take as 
coordinates @ and the ordinate y of the point 4A which strikes the plane, a varia- 
tion of @ alone does not alter the position of A, so that the virtual moment of 
any force acting at A does not enter into the equation thus formed. In the same 
way if the magnitude of the blow at A were wanted we should use an equation 
formed by the variation of some coordinate, such as y, which does alter the 
position in space of A. The coordinates y and @ have been called in Art. 403 the 
coordinates of the constraint and of the relative motion respectively. Taking as 
coordinates y and 6, we find 


T=2 {y?— 4ay’6' sin 6 + (k? +a? + 4a? sin? 6) 6}. 


: c ; 4 CHEN ae 
The single equation now required is Gr) =0, so that it is unnecessary to 
0 


calculate U. The limits of y’ are y.’= —V, y;'=0; those of 6’ are 0)/=0, 0,/=w. 
The value of w follows without difficulty. 


If the ground is elastic we follow the rule given in Art. 404. Since 0,’=0 the 


angular velocity of each rod after the rebound is found by multiplying the value of 
« given above when the ground is inelastic by (l+e). 


Ex. 2. Six equal uniform rods form a regular hexagon loosely jointed at the 
angular points; a blow is given perpendicularly to one of them at its middle point : 
show that the opposite rod begins to move with one-tenth of the velocity of the rod 
struck. {Math. Tripos, 1882. 

We take as one coordinate the distance of the point of application of the blow 
from the axis of x (supposed to be parallel to the rod struck) and as the other 
coordinate the angle @ which either of the adjacent rods makes with the axis of x. 
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This choice is made because a change of @ alone does not alter the point of 
application of the blow. Since cos6=4 we have 

2T = by’? + 12ay’6’ +4 (3a? + h2) 6”, 
where 2a is the length of any rod. The single Lagrangian equation required is 
that d7/d6’ is unaltered and therefore is equal to zero. Since the velocities of the 
two rods to be compared are y’ and y’ + 2a0’ the result follows at once. 

Ex. 3. A beam, placed on a smooth horizontal plane, has one extremity fixed; 
and a ball 4 of mass m is placed in contact with it at a given distance a from the 
fixed extremity. Determine at what distance b another ball B of mass « must 
impinge directly on the beam that the greatest possible velocity may be communi- 
cated to the ball A by the impact. The beam and balls are inelastic. 

[Math. Tripos, 1844, 

Let 6’ be the angular velocity of the beam, y’ the velocity of the ball B, the 
relative velocity of approach of the ball and beam is then z/=y’—b6’ and 
dU=- Pdz. If we take 6 and z as coordinates the one Lagrangian fact required 
is that dT/d6’ is unaltered by the impact. We have 

27 = (ma? + Mk?) 6 + w (2 +b0')?, 
since the limits are 0) =0, 0;'=w, z)'=V, z,’=0, we find 
(ma? + Mk? + pb?) w=ubV, .. b?=ma? + Mk? 
where w is a maximum. 


409. Sir W. R. Hamilton has put the general equations of 
motion into another form, which is sometimes more convenient for 
investigating the general properties of a dynamical system. This 
transformation may be made to depend on the lemma given in the 
following article. 

In what follows we confine ourselves to the elementary properties of re- 
ciprocation, The subject will be resumed and treated more fully in the second 
volume. Sir W. Hamilton’s demonstration of his equations requires that T should 
be a homogeneous quadratic function of the velocities, and this is generally true in 
dynamics. The extension to the case in which the geometrical equations contain 
the time explicitly is due to Donkin, Phil. Trans. 1854. 


410. The Reciprocal Function*. Let 7, be a function 


* We may deduce from this lemma the method of solving partial differential 
equations by reciprocation, sometimes called Legendre’s method and sometimes 
De Morgan’s method. Let the partial differential equation be ¢ (a, y, 21, p, q)=0, 
where p and q are the partial differential coefficients of z, with regard to a and y. 
If we write zo= —21+px+qy, we have by the lemma x= dz,/dp, y=dz,/dq. Hence 
this rule; substitute for x, y, z; from the auxiliary equations 
_ dy yee Aaeey epee 
Gp? Yt SUES AND dq’ 
and treat p, q as the independent variables. Thus we have a new differential 
equation which may be more easily solved than the former. Let the solution 
be z,=f (p, q), then, by the auxiliary equations, x, y and zy have all been found in 
terms of two auxiliary quantities p and q, and further these quantities have a 
geometrical meaning. This method may be extended to any number of variables 
and orders. Also as in Art. 418 we may if we please modify the equation for some 
only of these variables. 

Ex. If the equation be xp?+yq?=2,, show that z,= LF ¢ as ay , whence 

; 1-p \q (1-p) 
x, y, z can be found in terms of the auxiliary quantities by differentiation. 


x 
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of any quantities which it will be presently found convenrent to 


call 0, d', dc. Let dT, _ dt _ . 

de = U, dd’ =v, K., 
then 0’, ¢’, &c. may be found in terms of u, v, &e., from these equa- 
tions. Let L=—T,+ul’ + vf’ + &e., 


and let T, be expressed in terms of u, v, &c., the quantities 0, o', &e. 
being eliminated. Then will aT, ¢ aT, _ Eo 
iy ee oP g’, ke. 

It may be that T, is a function of some other quantities, which 
it will presently be found convenient to designate by the unaccented 
letters 0, b, &c. Then T, will also be a function of these, and we 
shall have ala = aT, aT, net: aT, fe 

de “We ade Ci 
To prove this, let us take the total differential of 7,, we have 


dT, aT, tay 
- Fy do + (- at”) dO’ + 0’ du+&e. 

By the conditions of the lemma the quantity in brackets 
vanishes. Now if 7’, be expressed as a function of 0, u, ¢, v, &e. 
only, and not @, ¢’, &., we have 

dh CHINE 


dT, = 7a db + du+ &e. 


Comparing these two expressions for d7’, we have 


aT, aT, q aT, 

dO dG sae 

Thus we have a reciprocal relation between the functions 7; 

and 7. We find 7, from 7, by eliminating 6’, ¢’, &c. by the help 

of certain equations, we now see that we could deduce 7, from 7, 

by eliminating w, v, &c. by the help of similar equations. We 

shall therefore call 7, the reciprocal function of T, with regard to 
the accented letters 0’, $’, &c. 


411. Itshould be noticed that, if 7, be a homogeneous quadratic 
function of the accented letters 6’, ’, &., then w6’ + ud’ + &e.=27,, 
and therefore 7,=T,, but is differently expressed. Thus T, is a 
function of 6, ¢’, &e. and not of u, v, &c., while 7, is a function 
of u,v, &c. and not of 6, ¢’, Gc. We notice that in this case 7, 
is a homogeneous quadratic function of wu, v, Ke. 


aT, = 


@. 


412. If 7, be the semi-vis viva of a dynamical system, this 
process is really equivalent to changing from the use of component 
velocities to the use of the corresponding component momenta. 
Either may be used to determine the motion of the system, some- 
times the one set being the more convenient and sometimes the 
other. 


ART. 413 a] THE RECIPROCAL FUNCTION 335 


413, Examples on the Reciprocal Function. Ex. 1. The position in space 
of a body of mass M is given by z, y, z, the rectangular coordinates of its centre of 
gravity, and 0, ¢, y the angular coordinates of its principal axes at the centre of 
gravity, as used in Chap. yv. Art. 256. If two of the principal moments of inertia 
are equal, and if é, , ¢, u, v, w be the components of momentum corresponding 
respectively to x, y, z, 0, $, y, the vis viva 27, is given in Art. 365, Ex.1. Show 
that the reciprocal function is 
B+ y24+ nee v2 (w-veos 6)? 

M Al eC; A sin? 6 

As a useful case we notice that the reciprocal function of 

T1=$4y, 07+ Ag Gh? +..., 
where the terms containing the products are absent, is 
_ Ge % 1 v? 
Teco as 
We observe that if 7’, is a one-signed positive function, 7, must also be a one- 
signed positive function. 


Pi be 


His 1B 0GA 


Ex. 2. If the vis viva 27, be given by the general homogeneous expression 
QT, = A,,0%+24,,0'¢' +..., 
show that the reciprocal function of 7, may be written in the form 


J | 0 U 7) so. | Kk Ay Ay 
5K | 
w Ay Ayp Ay, Ax 
| v Ay Ao, NO wale) a Bangetoeasinsdn acs 


where A is the discriminant of 7,. Thus the coefficients of u®, v?, 2uv, dc. in T, 
are the minors after division by 2A of Ay, Ao, Ay2, &c. See also Chap. 1. Art. 28, 
Ex. 3. 


Ex. 3. If, 7, &c. be partial differential coefficients of a function P of x, y, &c. 
with regard to those variables respectively, prove that x, y, &c. are also partial 
differential coefficients of a function Q of é, y, &c. with regard to these variables 
respectively. If P be homogeneous and of n dimensions, prove also that Q=(n-1) P. 
For instance P may be the potential function in Attractions, or the velocity potential 
in Hydrodynamics. 


Ex. 4. Regarding T, as a function of 6’, ¢’, &., let A be the Hessian of 7), 
i.e. the Jacobian of its first differential coefficients with regard to 0’, ¢’, &c. Then 
se CR I GRE S 
pal du?’ dudv’ 
the determinant A, each minor having its proper sign and being divided by A. 


&c. be equal to the minors of the corresponding constituents of 


To prove this, we take the total differential of the two sets of equations, 
u=dT,/d0’, &c., 6’ =aT,/du, &c. From the first set we find dé’, dg’, &c. in terms 
of du, dv, &c. Substituting in the second set the theorem follows at once. 


413a. We notice that for any given position of the system, the coordinates, if 
independent, may have any given velocities; so that 0, p, &c, being given, 6’, ¢’, &c. 
are arbitrary. Whatever values are given to these the kinetic energy T, is neces- 
sarily a positive one-signed function. 

In the same way, when 7, is a homogeneous function of 6’, ¢’, &e., Art. 411, 
T, is a quadratic function of the momenta wu, v, &e. Since in this case 7,=T, 
though differently expressed it follows that 7’, also is a one-signed positive quadratic 
function. 
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If we write 27, = By? + 2B, uv +... 
it follows that By,, Boo, &c. are all positive. Also Byo?< By. Bgg, for if not we could 
make T, equal to a negative quantity with a real value of v/u, all the other variables 
being made zero. Other inequalities follow from the known conditions that a 
quadratic function is a positive one-signed function. 


414. The Hamiltonian Transformation. Let us put 
L=T+U, so that L is the difference between the kinetic and the 
potential energies. Then, as explained in Art. 399, Z is called 
the Lagrangian function and the Lagrangian equations may be 
written in the typical form 

ddl ab 
dtd’ dé’ 
there being corresponding equations for all the coordinates. 
Let H be the reciprocal function of Z, then H is called the 
Hamiltonian function. The equations of transformation are 
ye eS 
de dé’ 
with similar equations for all the coordinates. We have by the 


ee property @ =", and by Lagrange’s equation we have 
ede a 
Thus the single typical Lagrangian equation written down above 
is transformed into the two Hamiltonian equations 
Pee ee! 
du’ dé” 


There are of course similar equations for all the coordinates. 


When the geometrical equations do not contain the time 
explicitly, 7’ is a homogeneous quadratic function of (6, ¢’, &c.), 
and therefore ué’+vd'+ &c.=2T. Hence 

H=—-L+u0'+09'+ &. =T-U. 

Thus H is the sum of the kinetic and potential energies, and 

is therefore the whole energy of the system. 


with similar equations for all the coordinates. 


415. To express the Lagrangian equations of impulses in the 
Hamiltonian form. 
Referring to Art. 401, we see that the Lagrangian equations of 
motion may be written in the typical form 
oe 
Ce | 
Let H be the reciprocal function of 7; and let us replace u, v, &e. 
by P, Q, &c. Then these equations take the typical form 
ie LL 
6, — 0, = dP 
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Thus the changes in the velocities of the generalized coordi- 
nates are immediately determined by simple differentiation when 
the reciprocal function of 7’ has been written down. 


416. Examples on the Hamiltonian Equations. Ex. 1, To deduce the 
equation of Vis Viva from the Hamiltonian equations. 


Since H is a function of (6, ¢, &c.), (u, v, &c.) we have, if accents denote total 
differential coefficients with regard to the time, 


ee GH iy A ys wo 20H 
St imadiu eda eat 


Thus the total differential coefficient of H with regard to t is always equal to the 
partial differential coefficient. If the geometrical equations do not contain the 
time explicitly, this latter vanishes and we have H=h, where h is a constant. 


H’ 


Ex. 2. To deduce Euler’s equations of motion from the Hamiltonian equations. 


Taking the same notation as in the corresponding proposition for Lagrange’s 
equations, Art. 406, we have 


aT dT 


U= Foi = Au, 81D G + Bus cos >, oa ada 
aT . ; 
ee gy eee ¢+ Bw, sin ¢) sin 0+ Cw, cos 0. 


Before we can use the Hamiltonian equations we must by Art. 411 express T in 
terms of (u, v, w). To do this we solve these equations to find w,, w., w; in terms 


of u,v, w. We find Aw, =usin ¢+ (v Gos 6 —w) oat 
sin d 
Boy=u cos d —(v cos @ —w) —p. 
Also by Art. 414 H= (dw,?2+ Bus? + Cw3*) — U. 
; : dH mE 
As we only require one of Euler’s equations, let us use ae =e Fee 5 
: daw, dw, dU _ dws 
The former of these gives 4w; de + Bus Gane Cc Fal 
renee Bory Aw, dU _ dws 
which is the same as Aw, a Bory Bois = C ane 


and this leads at once to the third Euler’s equation in Art. 252. The latter of the 
two Hamiltonian equations leads to one of the geometrical equations of Art. 256. 
Thus the six Hamiltonian equations are equivalent to all the three dynamical and 
the three geometrical Eulerian equations. 


Ex. 3.. A sphere rolls down a rough inclined plane as described in Art. 144, 
We have T=74,ma?d’2 and U=mgaé sina. Is it correct to equate H to the difference 
of these functions? Verify the answer by obtaining the equations of motion given 
in Art. 144. See Art. 411. 


Ex. 4. A system being referred to coordinates 0, ¢, &c., and the corresponding 
momenta u, v, &c., in the Hamiltonian manner, it is desired to change the co- 
ordinates to x, y, &c., where 0, ¢, &c. are given functions of x, y, &c. Show that 
if £, 7, &e. be the corresponding momenta, then 

£=U0,+0b,+ ».+5 N=UDy+Uby+...5 &c. = &e., 
where the suffixes as usual denote partial differentiations. Show also by a purely. 
analytical transformation that the Hamiltonian equations with 6, w, &c. change into 
the corresponding ones with x, &, &e. 


R. D. 22 
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Ex. 5. The Lagrangian function is a function of 6, ¢, &c. and 6’, ¢’, &c. In 
what precedes we have taken the reciprocal function with regard to 6’, ¢’, &., but 
we might also have taken the reciprocal function with regard to 0, ¢, &e. The 
following example will illustrate this. 


Let 7,, or L, be the Lagrangian function, and in order to keep the notation as 


nearly the same as possible, let U= Tao &c. Then if 7, be the reciprocal 
function of 7, the transformation corresponding to Sir W. Hamilton’s leads to the 
: : _ aT, _ dats 
typical equations es 5g) =i ane 
To verify this, it is sufficient to notice that T3=-~T,+U0+V¢+.. 
aT, ar, dT, 
Then by the lemma in Art. 410 we have —; ae a Sas and aU 3— 9, whence the results 


follow at once by Lagrange’s equations. 


416a. The analogy to reciprocation in Geometry. The Hamiltonian 
transformation of Lagrange’s equations bears a remarkable analogy to the trans- 
formation by reciprocation in Geometry. Thus suppose the system to have three 
coordinates 0, @, y, and let the semi-vis viva 7’, be a homogeneous quadratic function 
of the velocities 6’, ¢’, y’. We may regard 6’, ¢’, ¥’ as the Cartesian coordinates of 
a representative point P, the position and path of which will exhibit to the eye the 
instantaneous motion of the system. These coordinates of P may be found from 
Lagrange’s equations. In the same way we may regard the Hamiltonian variables 
u, v, w as the Cartesian coordinates of another point Q whose position and path 
will also exhibit the instantaneous motion of the system. 


Taking any instantaneous values of 6’, ¢’, y’ the point P will lie somewhere on 

the quadric T,;=U where U is the instantaneous value of the force function. Then 
i oe aT 

since w= 7 v= a w= dy” we see that Q will also lie on a quadric, which is 

the polar reciprocal of the quadric 7, with regard to a sphere whose centre is at 


the origin, and whose radius is equal to ./2U. 


Let this reciprocal quadric be T,=U. Then, since these quadrics possess recipro- 


a, dT aT 
pk ‘dv’ Vs dw 


cal properties, we see that 6’= 


Ex. 1. If the coefficients of the two quadrics 7; and T, be functions of any 


; , aT aT, 
quantity 0, show geometrically that We = Saat Thence deduce the remaining 
: 5 ° dH dH dH 
three of the Hamiltonian equations, viz. — u’=—, —v/= —, —w’=— 
q wu qo’ v dé’ w it 


H=T,--U. See the author’s essay on ‘‘Stability of Motion,” p. 62. 


Ex. 2. Show that the form of 7, as used in Geometry is the same as that given 
in Art. 413, Bx. 2. 


417. Reciprocal Theorems*. Let us suppose that two 
sets or arrangements of impulses are applied to the same system 


* The reciprocal theorem is primarily due to Rayleigh who has given many 
illustrations of it. See Phil. Mag. 1874 and the Theory of Sound. There is also 
a memoir by Helmholtz in Crelle’s Journal, 1886. Many examples are given by 
Prof. Lamb in the Proc. London Math. Soc. 1888. The one at the end of Art, 417 
is taken from the article Dynamics in the Encyc. Brit. 
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of bodies at different times, the system being in each case 
previously placed in a given state of motion. Let 


P,60+Q;56+..., P64 Q.56+... 


be respectively the work function due to each set as explained in 
Art. 401. Let 6)’, 1’, &c. 0,’, ,’, &c. be the velocities generated 
by each set. If the vis viva be represented by the general ex- 
pression for 27’ given in Art. 413, Ex. 2, we have 


P, = Ay OY + Ay dy + sey @, = A»6,' + &e. eeeeee a; 


while P,, Q,, &c. are represented by similar expressions with 0,’, &c. 
written for 0, &. It immediately follows by substitution from 
(1) that 

P05 + Qigds + ... = Poy’ + Qady! +... ceceeeees (2), 


each being equal to a symmetrical expression. Using the language 
of the principle of virtual velocities, it follows that the sums of 
the virtual moments of either set of impulses for the actual dis- 
placement produced by the other set are equal. 


Let each of these systems consist of a single blow and let 
A, B be the points of application. To trace their effects let two 
of the coordinates, say 0, d, be the ordinates of A, B measured in 
the direction of the blows. Then if P,, Q, are the blows the 
work will respectively be P,50, Q.6¢. The reciprocal equation (2) 


then becomes 
He Ode aie teae eTciast seem teas seca’ (3), 


all the other terms being zero. The blow at A affects all the 
coordinates and causes velocities 6,, ¢,,&c. That at B also affects 
all the coordinates, but this proposition shows that the velocity of 
B due to the blow at A and that at A due to the blow at B are in 
the same ratio as the blows to which they are respectively due. The 
equation (3) also follows very easily from Art. 415. 


As an example of this theorem consider the case of a straight chain of rods 
hinged each to the next. A blow at any point 4 will produce a certain velocity at 
any point B; the theorem asserts that an equal blow at B will produce an equal 
velocity at A. An impulsive couple acting on any rod will produce a certain 
angular velocity in a rod B, an equal couple acting on the rod B will produce an 
equal angular velocity in the rod A. If a blow F acting at a point A produce 
an angular velocity w in a rod B, then a couple Fa on the rod B will produce a 
linear velocity wa at the point A. 


418. The Modified Lagrangian Function. Sir W. Hamilton 
transforms all the accented letters 6’, ¢’, &c. into the corresponding 
letters wu, v, &c. But we may also apply the Lemma to change 
some only of the Lagrangian coordinates into the corresponding 
Hamiltonian coordinates, leaving the others unchanged. We 
may thus use a mixture of the two kinds of equations. Wveth 
one and the same function we can use Lagrange’s equations for 
those coordinates for which they are best adapted, and the 

oe 


340 LAGRANGE'S EQUATIONS [CHAP, VIII 


Hamiltonian equations with the remaining coordinates, if we 
think their forms preferable. 

The substance of this theory, as given in Arts. 418 to 425, is taken from the 
author’s essay on ‘ Stability of Motion,” 1876. 

419. To explain this more clearly let us consider a system 
depending on four coordinates, 0, d, &,. Let L, be the Lagrangian 
function. Let us now suppose that we wish to use Lagrange’s 
equations for the coordinates &, 7 and the Hamiltonian equations 
for the coordinates 6, ¢. To do this we use the two formule of 

Ey . dL, 

de’ ‘an as} dd’ 
L,=— L, + u&! + vf’. 

We have as in Art. 414 the two sets of Hamiltonian equations, 


transformation =v, and we put 


ue: ne oe 
Oe ie ne eee 
ye rar 
to Men ae wid 


We must now include &’, 7’ among the unaccented letters spoken 
of in the Lemma of Art, 410, so that we have 

dl, _ _— dl, di, aly, 

dE ede oe dees 
with two similar equations for ». Thus the two Lagrangian 
equations for & 7 are still true if we replace LZ, by L,; so that 
we have the two sets of Lagrangian equations, 

ddl, _ db, ddl, dL, 

id dE 6 ee 

420. The function L, might be called the modified function, 
but it is more convenient to give this name to the function with 
its sign changed. ‘The definition may be repeated thus :— 

If the Lagrangian function Z be a function of 0, 6, , ¢’, &c., 
then the function modified for (say) the two coordinates 6, ¢ 
will be L'=L—ul’ —»¢’, 

dL dL ee 
where w= de de” and we suppose 6’, ¢’ eliminated from the 
function L’. Thus L is a function of 0, ¢, 6’, ¢' and all the other 
letters, L’ is a function of @, ¢, u, v and all the other letters. 


These two functions L, L’ possess the property (by Art. 410) 
that their partial differential coefficients are the same with respect 
to all letters except 6’, ¢’, u,v. As regards these four we have 

ab ~ dL dL’ 7 Os: ; 
ae dae and Wy ae aan 


We may form the dynamical equations, for the coordinates with 
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regard to which the function has been modified by the Hamiltonian 
rule, as if Z,=— JL’ were the Hamiltonian function, and for the 
remaining coordinates by the Lagrangian rule, as if either L, or 
L’ were the Lagrangian function. 


The function LZ, may be also called the reciprocal function of 
the Lagrangian function L, with regard to the coordinates @, ¢, &c., 
because it is obtained from Z, just as 7, is obtained from 7, in 
Art. 410, except that we operate only on such of the coordinates 
as we please. It is however convenient to distinguish the two 
operations by different words. We shall use the word Reciproca- 
tion when we change all the coordinates, and Modification when 
we change only some. 


421. To find a general expression for the modified Lagrangian function after 
the necessary eliminations have been performed. 
Let the vis viva 27 be given by the homogeneous quadratic expression 
P=hT 907? +Tyg0'G' +... +4 Tggt? + Top VE +... 
so that the Lagrangian function is L=7+U, where U is a function of the co- 
ordinates 0, ¢, é, &c. We intend to modify L with regard to 6, ¢, &c., leaving 
&, », &¢c. to be operated on by Lagrange’s rule. We therefore have according to 
Art. 420 to eliminate 0’, ¢’, &c. by help of the equations 
To99 + Toph! +...=Uu- Tot’ — Ty, 7’ - +) 
EIRENE bet PatBce toons (1). 
&e.= &e. 


For the sake of brevity let us call the right-hand members of these equations 
u-X, v-Y, &. Since T is a homogeneous function, we have 


TH=hT get? + Tg, 8'y +... + $0 (Ut X)+3p (V+V)+&e. ee (2). 
But by definition the modified function L’= — Ly is 
L’=L -ud' —v¢'-... 
=$T yeh + Tz, ty’ + ...+ U- $0 (u-X)- $9" (v—- NAVESOROS schnsenes (3). 


Solving equations (1) we find 6’, ¢’, &c. in terms of é’, 7’, &c. by the help of 
determinants. Substituting their values in the expression (3), we find 


L’ Tepe? 4Te ey! + &e.+U + 1 0, u-X, v—Y, one. Ibe; 
= $1 gg? + Tg, f'n’ + &e. Ti |e -E, To, Top, 
v-—Y, T 94> T'$6> 


where A is the discriminant of the terms in 7 which contain only 6’, ¢’, &. It 

may also be derived from the determinant just written down by omitting the first 
row and the first column. 

We may expand this determinant, and write the modified function in the form 

DL’ =$T ei? + Tg, 89’ + &e.+ U 

WO. te Oy aeenee io Oe ae 0%, pIe0; A: Yate eee 

Ae ligas) Leggs: a 


v, Te; Lg» coe ve. Tot > Tg > onc Vv; T'9¢ > L656) see 
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1 Gi ; 
where wu, v, &c. as usual stand for - , dg , &e., and X, Y, &. are given by 
x= Tog’ +To,n' +:--> Y=TV ge’ + D650 Hse &e. = &e., 


so that X, Y, &c. may be obtained from u, v, &. by omitting the terms which 
contain 6’, ¢’, &¢., i.e. the coordinates to which we intend to apply the Hamiltonian 
equations. 

It should be noticed that the first of the three determinants in the expression 
for L’ contains only the momenta u, v, &c. and the coordinates. The second does 
not contain u, v, &e. but is a quadratic function of é, n’, &e. The third contains 
terms of the first degree in é’, 7’, &c. multiplied by the momenta wu, v, &e. 


422. Case of absent coordinates. In many cases of 
small oscillations about a state of steady motion, and in some 
other problems, the Lagrangian function ZL does not contain 
some of the coordinates as 0, $, &c., though it is a function 
of their differential coefficients 6’, ¢’, &c.; at the same time it 
may contain the other coordinates & , &c., as well as their dif- 
ferential coefficients &’, y’, &c. When this occurs, the Lagrangian 


equations for 0, d, &c. become Ane 0, &c. Integrating, we have 
dL al 
ad = U, dg’ = Uv, &c., 


where u, v, &c. are absolute constants whose values are known 
from the initial conditions. By the help of these equations we 
may find 6’, ¢’, &c. in terms of &’, 7’, &., so that the problem is 
really reduced to that of finding &, », &c. 


The names kinosthenic and speed coordinates have both been 
suggested by Prof. J. J. Thomson for coordinates which enter into 
the Lagrangian function only through their differential coefficients 
(Phil. Trans. 1885, and Applications of Dynamics to Physics and 
Chemistry, 1888). 


We may now simplify the process of finding these remaining 
coordinates &, », &c. by modifying the Lagrangian function so as 
to eliminate the variables 6’, g’, &c., and introducing in their place 
the constant quantities u, v, &. We write 


L'=L—wu!’ —v¢’..., 


and eliminate 6, $’, de. by help of the integrals just found. The 


equations to find & n, &c. may be deduced by treating +L’ as 
the Lagrangian function. 


428. When the system starts from rest the modified function 
takes a simple form. Suppose the Lagrangian function DL to be 
a homogeneous quadratic function of 6, ¢’, &. Then, referring to 
the first integrals found above, and remembering that the initial 
values of 6’, ¢’, &. are all zero, we have 


Ue), =O, &e. = 0. 
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Thus the modified function L' is equal to the original Junction, but 
as differently expressed. The function L is a function of 6, fp’, &e. ; 
the function LZ’ is the value of ZL after we have eliminated the 
differential coefficients 6’, ¢’, &c. by help of the first integrals, 


The result of the elimination can be deduced from Art. 421. The first and 
third determinants are here zero. We have therefore 


&2 ne 0 X. VD a roetles 
L'= eh. \ fanz ’ > ’ 
Tex g tT z,87 + &e a are XT, T te 
? 60 6h? 
Nee ae 


6g? at S00 


We may deduce this expression from the Lagrangian function L by a simple 
rule, viz., omit all the terms which contain the differential coefficients 0’, ¢', éc. to be 
eliminated, and add the determinantal term written down above. 


494, Example of the Solar System. As an example let us consider the case 
of three particles whose masses are m,, mj, m; mutually attracting each other 
according to the Newtonian law and moving in any manner in one plane. Referring 
these to any rectangular axes, their vis viva and force-function will be functions of 
the six Cartesian coordinates and their differential coefficients. But we may move 
the origin and turn the axes round the origin without altering the vis viva or the 
force-function. It follows that each of these functions is independent of three 
of the coordinates, though it may depend on their differential coefficients with 
regard to the time. We may therefore modify the Lagrangian function and make 
it depend only on the three other coordinates. 

The yis viva of the system is equal to the vis viva of the whole mass collected 
at the centre of gravity together with the vis viva relative to the centre of gravity, 
The former is easily written down and is in our case a constant; let us turn our 
attention to the latter. 

Let G be the centre of gravity, draw Ga, GB, Gy to represent in direction and 
magnitude the velocities of the three particles, ie. let a, B, y trace out their 
hodographs, Then the sides of the triangle aBy represent the relative velocities of 
the particles, and the vis viva of the system is represented by m Ga? +m 2G6? + m3G7?, 
Since the momentum of the system relative to its centre of gravity resolved in any 
direction is zero, it follows that G@ is the centre of gravity of three particles 
M,, My, Ms placed at a, B, y. By a well-known property of the centre of gravity we 


have MyM (48)? + 2.006 =p {m, (Ga)?+...}, 
where p» is the sum of the masses. It immediately follows that the 
: ; é : TM, MyV19" 
vis viva of any system relative to its centre of gravity = etree! 


where vj is the relative velocity of the particles m,, mg. This formula for the 
relative vis viva is evidently true for any number of particles. It was obtained 
by Sir R. Ball by a different method in the Astronomical Notices for 1877. 

Let a, b, c, A, B, C be, as usual, the sides and angles of the triangle formed by 
joining the particles. Let @ be the angle made by the side ¢ with any straight line 
fixed in space. Let accents as usual denote differential coefficients with regard to 
the time. Then we have 

VMyMyVyo2 = MyMy {c'? + 626’?! + mymg {b' +b? (6’ + A’)?} + mm, {a + a? (’ — B’)?}. 
Thus, if 27 be the vis viva relative to the centre of gravity, we have 
2T = P67 +206’ +R, 
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where P, Q, R are functions only of the triangle, and not of 6. We have 
“P=mmM,C? + mms b? + MyM, a", 
uQ= ms; (m,b24’—m,a*B’), 
wR=mym,¢'2 + myms (b+ b2A’2) + mgms (a? + a2B”), 
How we shall express these must depend on the coordinates we wish to use. Thus 
we may choose any three parts of the triangle, except the three angles, as co- 
ordinates. 
Ex, Supposing it to be convenient to choose the distances b and c of two of the 
particles from the third, and the angle A subtended by those two at that third 


particle, as the coordinates of the triangle, show that P, Q, R may be expressed in 
terms solely of b, c, A and their differential coefficients by the help of the following 


results a?=b?+ ¢?—2bc cos A, 
2 (be sin A) =b?A’ + a?B’ + 2be' sin A, 
a? + @?B?=b2 +c — 2b’c' cos A +02A’? + 20A'c' sin A. 
These admit of easy geometrical demoustrations. 


425. We may also modify the Lagrangian function with regard to @. To do 
this we put u=dT/d0’=P0'+Q. We notice that, since the force-function U is not 
a function of 6, wis by Art. 422 an absolute constant. We now form the modified 
PR — Q?+ 2uQ — u? 
: 2P 

This function may now be used as if it were the Lagrangian function to find any 
changes in the triangle joining the three particles. 


function Le 0— +Uz 


We may also notice that the angular velocity in space, viz. 6’, of the side of the 
triangle joining m,, my is given by the equation P6’+ Q=u, where wu is a constant. 


Ex. 1. Show that P is equal to the moment of inertia of the three particles 
about the centre of gravity. 
Ex. 2. Show that u?2(PR-— Q?) may be written in the symmetrical form 
{mym,¢? + mymz b? + mgm, a?! {m,m,c"? + my mg b+ mzm, a’? 
+mymyms {m, (beA’)? +m, (caB’)? +m, (abC’)?*. 
Ex. 3. Show that the quantity w is equal to the angular momentum of the 
system about the centre of gravity. See Arts. 397 and 402. 


Ex. 4. Show that we may take for uQ either of the forms m, (mgc?B’ — m3b? 0’), 
or mg (m3a2C’—m,c2A’), the effect of the change being to add to the Lagrangian 
function L’ a quantity equal to B’ or C’ respectively. See Art. 399, Ex. 2. 


426. Non-Conservative Forces. T'o explain how Lagrange’s equations are to 
be used when some of the forces are non-conservative, 


Lagrange’s equations in the form given in Art. 399 can be used only when the 
forces which act on the system have a force-function. If however P40 be the 
virtual work of the impressed forces obtained by varying @ only, Qd¢ the virtual 
work obtained by varying ¢ only, and so on, it is clear from Art. 399 that Lagrange’s 
dat af. 
dt do’ do 

427. It is often convenient to separate the forces which act on the system 
into two sets. irstly those which are conservative. The parts of P, Q, &. due to 
these forces may be found by differentiating the force-function with regard to 0, ¢, 
&e. Secondly those which are non-conservative, such as friction, some kinds of 


equations may be written in the typical form 
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resistances, &c. The parts of P, Q, &c. due to these must be found by the usual 
methods given in statics for writing down virtual work. 


Though the non-conservative forces do not admit of a force-function, yet 
sometimes their virtual works may be represented by a differential coefficient of 
another kind. Thus suppose some of the forces acting on a particle of a body to 
be such that their resolved parts parallel to three rectangular axes fixed in space are 
proportional to the velocities of the particle in those directions. The virtual work 
of these forces is 2 (Mm w'5a + yy’ Sy + u32'62), 
where 1, fg, #3 are three constants which are negative if the forces are resistances. 
For example, if the particles are moving in a medium whose resistance is equal to 
the velocity multiplied by a constant x, then m1, wz, wz are each equal to —x. Put 


1 
—F=53 (12+ poy’? 52”). 
Since (x, y, z) are functions of 6, ¢, &c. given by the geometry of the system we 
have, as in Art. 396, ve =—+— H+... 


with similar expressions for the other coordinates. Substituting we have F 
expressed as a function of 0, ¢, &., 0’, ¢’, &c. We also notice that, as in Art. 397, 
dz’ dx 

dodo” 


Differentiating F' partially we have 


adF pole dx 
= Fp=2 (tn wy tee. )=2(u are) 


9700 FB KC. 2 in (Gi 60 + Tod + .) +8} 
=> (ma da + &e.). 

In this case, therefore, if U be the force-function of the conservative forces, F the 
function just defined, 660, 664, &c. the virtual works of the remaining forces, 
Lagrange’s equations may be written 

add’ dT dU aF 
: dtd’ do do do’ 
with similar equations for ¢, y, &c. 

We may notice that, if the geometrical equations do not contain the time 
explicitly, the function F is a quadratic homogeneous function of 6’, ¢’, &c. 

If the forces whose effects are included in F' be resistances, then 1, Me, Mg, &eC. 
are all negative. In this case F is essentially a positive function of the velocities, 
and in this respect it resembles the function 7 representing half the vis viva. 

If we treat the equations written down above exactly as Lagrange’s equations 
are treated in Art. 407 to obtain the principle of vis viva we find 

d ; aF ,, 
at U)=0'0 + &. — pe — &¢., 
but in this case F also is a homogeneous function of 6’, &e. Hence we find 
ates U7) =0'0 + &e. — 2F. 

We therefore conclude that, if the geometrical equations do not contain the time 
explicitly, and if there be no forces present but those which may be included in the 
potential function U and in the function F, then F represents half the rate at 
which energy is leaving the system, i.e. is dissipated. 

The use of this function was suggested by Lord Rayleigh in the Proceedings of 
the London Mathematical Society, June, 1873. The function F' has been called by 


him the Dissipation function. 


+0, 
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428, Ex.1. If any two particles of a dynamical system act and react on each 
other with a force whose resolved parts in three fixed directions at right angles are 
proportional to the relative velocities of the particles in those directions, show that 
these may be included in the dissipation function F. IfV,, Vy, V, be the com- 
ponents of the velocities, 4,V,,, # ,Vy, “3V, the components of the force of repulsion, 
the part of F due to these is —4 5 (u,V,2+MoVy2+u.V,*). This example is taken 
from the paper just referred to. 


Ex. 2, A solid body moves in a medium which acts on every element of the 
surface with resisting forces partly frictional and partly normal to the surface. 
Each of these when referred to a unit of area is.equal to the velocity resolved in its 
own direction multiplied by the same constant x. Show that these resistances may 
be included in a dissipation function F, where 


F= 5 fo (u2+ 02+ w) + Aw,? + Buy? + Ow? — 2Dw, w, — 2Ew,0, - 2Fw, wy}, 


where o is the area, 4, B, &c. the moments and products of inertia of the surface 
of the body, and (u, v, w) the resolved velocities of the centre of gravity of c. 


429, Systems not holonomous. 10 explain how Lagrange’s 
equations can be used in some cases when the geometrical equations 
contain differential coefficients with regard to the time. 


It has been pointed out in Art. 396 that the independent 
variables 0, d, &c. used in Lagrange’s equations must be so chosen 
that all the coordinates of the bodies in the system can be ex- 
pressed in terms of them without introducing 6’, ¢’, &c. But 
when we have to discuss a motion like that of a body rolling on 
a perfectly rough surface, the condition that the relative velocity 
of the points in contact is zero may sometimes be expressed by an 
equation which, like that given in Art. 137, necessarily involves 
ditferential coefficients of the coordinates. In some cases the 
equation expressing this condition is integrable. For example: 
when a sphere rolls on a rough plane, as in Art. 144, the condition 
is # — a0’ =0, which by integration becomes «—a6=b, where b 
is some constant. In such cases we may use the condition as one 
of the geometrical relations of the motion, thus reducing by one 
the number of independent variables. 


But when the conditions cannot easily be cleared of differential 
coefficients, it is often convenient to introduce the reactions and 
frictions into the equations among the non-conservative forces in 
the manner explained in Art. 426. Each reaction has an accom- 
panying equation of condition, and thus we always have sutticient 
equations to eliminate the reactions and determine the coordinates 
of the system, 


The elimination of the reactions may generally be most easily 
effected by recurring to the general equation of virtual work and 
giving only such displacements to the system as make the virtual 
work of these forces disappear. Suppose, to fix our ideas, that 
a body is rolling on a perfectly rough surface. Let 0, ¢, &c. be 
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the six coordinates of the body, then by Art. 137 there will be 
three equations of the form 


ARG Bid ths, = Oar en (1), 


the other two being derived from this by writing 2 and 3 for the 
suffix. These three equations express the fact that the resolved 
velocities in three directions of the point of contact are zero, The 
equation of virtual work may be written (Art. 398) 


CCA Ea be dU 

(Si ga"~ 79) 90 + be. =" 80 + &e fae (2), 
where U is the force-function of the impressed forces. Since the 
virtual works of the reactions at the point of contact have been 
omitted, this equation is not true for all variations of 0, ¢, &c., 
but only for such as make the body roll on the rough surface. 
But the geometrical equations L,,°L,, L, express the fact that 
the body rolls in some manner, hence 66, 5¢, &c. are connected 
by three equations of the form ' 


SOB Ob 08 ee ec (3). 


If we use the method of indeterminate multipliers (see Art. 
400), the equations of virtual work are transformed in the usual 
manner into 

CO em Uae OU oe Ode, Gills, 04 

dide do de +A Ty ey ra, BOOOGUGOn (4), 
with similar equations for the other coordinates ¢, Ww, &c. These 
joined to the three equations L,, L,, L, are sufficient to determine 
the coordinates of the body and 4, p, »v. 


This process will be very much simplified, if we prepare the 
geometrical equations L,, L,, LZ, by elimination, so that one dif- 
ferential coefficient, as 6’, is absent from all but the first equation, 
another, as ¢’, absent from all but the second, and so on, When 
this has been done, the equation for @ becomes 


d dq? df _au |, dl, 
dtdd’ dé dé 
Thus A is found at once. The values of w and v may be found 


from the corresponding equations for ¢, y~. We may then sub- 
stitute their values in the remaining equations. 


It is here supposed that some of the equations of condition 
represented by equation (1) do not admit of exact integration. 
The systems here considered are therefore not necessarily holono- 
mous, see also Art. 396. 

In Art. 232 of the second volume of this treatise this method 
is applied to find the oscillations of a heavy sphere set rotating 
about a vertical axis and placed on the summit of a fixed rough 
surface, 
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429 a. The method of indeterminate multipliers is really an 
introduction of the unknown reactions into Lagrange’s equations. 
Thus let R,, R,, R; be the resolved parts of the reaction at the 
point of contact in the directions of the three straight lines 
used in forming the equations L,, Lz, Ly. Then BF Piad bes L; are 
proportional to the resolved relative velocities of the points of 
contact. Let these-velocities be «,L,, k,l, «,L,. Then if @ only 
be varied the virtual velocity of R, is «,A,60, which may be 


written ie, 88. Similarly the virtual velocities of R, and R, 


de’ 
are oe 66 and Hs 7 80 Hence, by Art. 426, Lagrange’s 
equations are of the form 
dedi 01 2a. dL, aL, aL, 
ade de Luee ae 8 ae cae 


Comparing this with the equations obtained by the method of 
indeterminate multipliers we see that 2, u, v are proportional to 
the resolved parts of the reactions. The advantage of using the 
method of indeterminate multipliers is that the reactions are 
introduced with the least amount of algebraic calculation, and in 
the manner which is most convenient for the solution of the problem. 


430. Appell’s Equations. There is another method of forming the general 
equations of motion besides that of Lagrange which has at least the advantage of 
not being restricted to holonomic systems*. To simplify the discussion let us 
however first suppose that the geometrical equations do not contain any differential 


* The first writer who extended Lagrange’s equations to systems in which the 
equations of condition are not expressible in an integrable form was Ferrers, 
Quarterly Journal of Mathematics, No. 45, Vol. xu. 1872. He replaces Lagrange’s 
6 equation by another of the form 

ee eg 

dt dg’ Ls ahs dé’ 
where 0, ¢, &c. are the generalized coordinates, z, is a Cartesian coordinate con- 
nected with a mass m,. subject to the condition 

Ly =0,0' + 8,9 +e +... 
which may be integrable or not integrable. 

The method explained in Art. 429 of applying Lagrange’s equations to systems 
not holonomous by using indeterminate multipliers was first given in the third 
edition of this treatise, 1877. It requires no new function. 

The equations of Appell are briefly explained in the Comptes Rendus, tome cxxix. 
1899, and more fully developed in the Journal de Mathématiques (formerly known 
as Liowville’s Journal), tome v1.1900. The theory given in Arts. 430 b, &. is chiefly 
founded on the latter account. 

There are also some memoirs on The Equations of Mechanics by P. Jourdain in 
the Quarterly Journal of Mathematics, 1904, 1905. It appears that he had inde- 
pendently arrived at the equations given by Appell. 


Appell in Art. 462 of his Traité de Mécanique has given a list of foreign writings 
on this subject, the earliest being dated 1888. 
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coefficients with regard to the time. We have seen in Arts. 398, 399 that the 
equations of motion are included in the form 
call pe ny, dz aU 
2m (a qo tY aa * a) = deaeeeatieen dtrameedee meen: (ae 


where the da/dé, &c. are the partial differential coefficients of x, &c. when any one 
coordinate as @ is alone varied. 


We then have by (3) of Art. 396 


ai 
as at de O+ ‘te gy’ oP ’ 
BZ af af , df ” 
ae +2 —— aad 0 + &e, +9? + &e, 
It follows from the latter equation that the partial differential coefficients 
dx” df dz 
de” do do’ 
we may therefore write (1) in the form 
miGae PI dz’ aU 
=m (« ae? +” aer +2! a) Sg es (2). 
If then we introduce a new function 
S=h2m (a'2+y'2 +2), 
the equation (2) becomes 
dS dU dS _ dU 
de" = a’ dg’ dae QE erettian ect seacectetaeaees (3), 


since @ stands for any one of the coordinates. Here the differential coefficients with 
regard to 0”, $”, &c. on the left-hand side and 6, ¢, &. on the right-hand side are 
partial. The function S has been called the energy of the accelerations. 

When we have constructed a method of expressing the function S in terms of 
the coordinates 6, ¢, &c. including their first and second differential coefficients 
with regard to t, the equations (3) give the differential equations of motion of the 
system. The right-hand sides are deduced from the force-function U exactly as in 
Lagrange’s equations. 


430a. In calculating the function S we may obviously omit all terms which do 
not contain the second differential coefficients 6’, ¢, &c. for all such terms disappear in 
the partial differential coefficients which occur in equations (3). We also notice 
that the function S in general contains quadratic and first powers of 6’, ¢’’, &c. 


430 b. Let us now apply similar arguments to systems which are not holonomous. 
Let us suppose that the displacements have been made to depend on x +p coordi- 
nates having p relations between them, so that the variations of x of these are 
arbitrary. Let these be qj, qo, ...d,. Let «, y, 2 be the coordinates of any point 
of the system referred to axes fixed in space, then every possible motion of that 
point, consistent with the geometrical conditions, are given by 


dx=aydqy t+ agdqot... +a, +adt 
dy = by dqy + y0qy +... +0 Ae + Ot) vircreserrrrrreeeereres (1). 
dz= c,dqy + codqgt...+ Ce dq,y+cedt 


Let ¢, Pigeon Pam be the p other variables which have been introduced into our 
equations to assist in expressing the geometrical conditions. Let these be related 
to the former variables by equations of the form 

AG p= AG + Od G24 0. FOU + adt 


adc 4p=M dqy + Agdqg +... try dq, + rat 
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Here the coefficients a,...c, and a,..., as well as a, b, ¢, a... may be functions 
of all the variables q1... dxiy and t. ‘The right-hand sides of these equations are 


not necessarily exact differentials, but may express geometrical conditions in the 
same way that the equations (1) of Art. 429 expressed the conditions that the body 


there mentioned was rolling on a surface. 

430c. To form the equations of motion we use the principle of virtual work as 
in Arts. 398, 399. This equation is 

Im (2 da + yy" by + 2 82) == (X6a+ VOyt+ ZGzZ) .......ceceveeeees (3). 
Since the virtual displacements dx, dy, dz are to be consistent with the geometrical 
equations which hold at the time ¢, we use the equations (1) and (2) without their 
last terms, hence Gy aU OY Fis tinan ats Capt acon conongosobedsoueadsamagdaaco00 (4), 
with similar expressions for dy, dz. Since 6q,... 6g, are arbitrary the equation (3) 
decomposes into the « following equations 
=m (va, + yb, +2 c;)=aU/dq, 


2m (va, +y"b, +2" ¢,)=adU/dq,, 

These correspond to equations (1) of Art. 430. 
By dividing the equations (1) of Art. 430d by dt and differentiating the quotient 

with regard to t, we obtain 

BAG it A379) eo Oda, 1 OoCe soa eulsdenncisonanlenaiene (6), 
with similar expressions for y’” and z” obtained by writing b and ¢ for a. The 
terms which do not contain q,”...q,’’ are included in the &e. It is evident that 
a,=da" /dq,/", b,=dy"/dq,"’ and so on. Hence the equations (5) become 


dx” dy” dz” 
=m (2” pe ee 7) Ear ROGUE eaee ance ccbacsneune: (7), 
dq, 4 dq, dq, aq, 
with similar equations for the other coordinates. If we now construct the function 
Sah 2 (al py 2-7 2) Moveccnsuswctaesnate senor eee (8), 


the equations of motion are 
qa dU dS av, dS aU 
dq,” dq,’ dqz'"— dq,’ ia dq,” - qq, 

To form the equations of motion of a system whether holonomous or not it is 
sufficient to express the function S so that it contains no other second differential 
coefficients than those of the coordinates q,...q, whose variations are regarded as 
arbitrary. If in constructing the function § any second differential coefficients of 
the remaining coordinates made their appearance they should be eliminated by 
using the conditions (2). After division by dt, these conditions take the linear 


form Vp Hud +. + Og! $a; 


with similar expressions for q’,,,, &e. By differentiation we obtain Veta etp 
in terms of q,”...q,’’, and these should be substituted in the function S. 


430d. If the forces do not admit of a force-function U, we proceed as explained 
in Art. 426. Let P,dq, be the virtual work of the forces produced by varying q, only, 
P,dq, that obtained by varying q, only and so on. We then replace dU/dq,, 
dU/dq,, &e. by P,, Py, &e. 


430 e. Another proof. We may also deduce Appell’s equations (as he has also 
done) from Gauss’ principle of least constraint by translating the formula of 
Art. 394a into generalized coordinates. This principle applies to systems not 
holonomous because it has not been assumed in the proof that 2, y, 2 are integral 
functions of the coordinates q,, qo... d,+ 
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By Gauss’ principle the accelerations assumed by the system are such as to 
make 2R,3=2m {(x”— X)?+(y’’— Y)?+(z’—Z)?}=minimum subject to the geo- 
metrical conditions of the problem. By differentiating (1) of Art. 430b we have 

w= Ay gy” + 49a" +... + A 
where all terms are omitted which do not contain the second differential coefficients 
RM GOIN G00 gq, (Art. 430a). There are similar expressions for y’’ and 2”. 
Again if P,, P,, &c. are the generalized equivalents of X, Y, Z we have 
=m (X bx + Y by + Z bz) =P 5q, + P2dqot ... 
as in Arts. 426 and 430d. Hence by (4) of Art. 430 c, 
Xan+Yby+Zey=Pp, 
where n has any value from n=1 to n=x. It follows that 
2m (Xa + Vy" + Zz") = Py qi" + Py qy” + &e. 
Putting 2S = 2m (a’?+y’’2+42') we have to make 
Ryg=S — (Py gy" + Pogo” + &e.) + 4m (X24 Y24 Z2), 
a minimum with regard to q,”, qo”... q,.. Since these second differential coefficients 
do not appear in the last term of R,3, we find by differentiation 
aS/dq’=P,, adSidqg=P,, &e., 
and these are the equations to be proved. 


430f. To find the function S for any given system of bodies we follow the 
analogy of Lagrange’s function JT. Since S is a quadratic function of 2”, y”, 2’, 
we first deduce from the general theorem of parallel axes (Art. 14) that the value of 
S for a system of Cartesian axes is equal to that for a parallel system of axes with 
the centre of gravity for origin plus the value of S for the whole mass collected at 
the centre of gravity with reference to the first system. 

We also notice that since x’?+y'?+z2’" is the resultant acceleration of the 
particle m the value of S must be the same for the same bodies, however the 
coordinates may be transformed. 


430g. To investigate the form of the function S for a body free to turn about a 
fixed point O when referred to the principal axes at O. These axes are either fixed 
in the body or (if two or more of the principal moments of inertia at O are equal) 
may move in an arbitrary manner, yet so that they remain principal axes. 

The space-velocities of any point (#, y, z) are by Art. 238 

WH=Wy%Z—W3Y, V=W3X—W)2Z, WHY — WoW. 
The x component of acceleration is 
X=du/dt — v6,+ w6, 
= — 2 (wy? + 47) FY {wy (wy — 1) + Hy Dy — O95" } +2 {3 (1 ~ A) + 01 93+ W'}, 
by using the formule of Art. 251. 

, KP y? [eg = Derg! {ey (wy — Oy) + Og} ] + 2? [ry + Qeny! ws (1 — Oy) +. 3}, 
where only terms which contain w,’, w,’, ws’ have been retained (Art. 480a). Terms 
depending on the products zy, yz, zx have also been rejected as they will presently 
disappear when the summation S is effected. 

The expressions for Y* and Z? can be written down by symmetry. We now 
form 2S=Xm(X2+Y?+Z%) and substitute 

2ma2=B+C-A, WWmy2=C+A-B, W2m2z2=A+B-C, 
*, 29= Ao’*+ Bay? + Cw,” 
— 2a’ {(B—C) wy a+ A (05 - 03 95)} 
— Quy! {(C — A) w, 0 + B (w3 8, — ©, 95) 5 
— Qe! {(A — B) oy wy + C (7, Oy — 293) }- 
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If the axes are not principal axes, we must add to these three sets of terms con- 
taining D, FE, F respectively as factors. The first set is 

QD [ ~ oy! wag! — wy" (e09 — e032) + tog’ {erp (@y — 84) + 4 9} — 03! {023 (01 — 9)) + 95} 1, 
those with E and F follow by symmetry. 


430h. To deduce Euler’s equations. Let the moving axes be fixed in the body, 

then 0,=,, 0,=, 0;=w,. We then have 

28 = Aw, + Buy’? + Cos’? — 2 (B— C) wyw30,/ — 2 (C — A) w3 0, y' — 2 (A — B) @ og! 5 
since the body has three degrees of freedom, we have to choose three variables 
415 12> %3 Which are to be arbitrary and whose variations should express every 
possible small displacement of the body. These conditions are satisfied if we put 
heave dq,=0,dt, dqg=w,dt, dqz=,dt. 
2S = Aqy'? + Bgy’? + Cg,” — 2(B—-C) qo’ q3 G1" — 2(C — A) qa! 9y'42"" — 2(4 — B) 4y' 92" 93" 
The equation dS/dg¢,’=dU/dq,; then gives Aq,”—(B-C) qo’ q3)=dU/dq. This 
becomes Euler’s first equation (Art. 252) when we write q;/=w,, &c. and 
dU/dq,=L (Art. 340). 


4307. An elliptic dise rolls in a vertical plane on a rough ground. To form the 
equation of motion, 

Let é, 7 be the coordinates of the centre C, being measured along the ground 
and 7 vertically upwards. Let 6 be the angle the major axis makes with the vertical. 
Let P be the point of contact and let CN=7 be the perpendicular from C, let also 
PN=u. Since the point P of the body is at rest we have 

&’— 70'=0, 7 +ué’=0. 
If the mass be unity, we have 
28 =e 4 ' + C02, U= — gn. 


¥. 


Hence by eliminating ¢, 7’ 


28=(C+92-+u2) o/242 (ng +15) 670", 


where only terms which contain 6” are retained. The equation dS/d0” =dU/d6 gives 
iad adn 
Cy YY) Wa * ee 2 PV oy pee 
(C+7°+u?) 6 +5 a +?) 9’?2= 9 76° 


Since the boundary is an ellipse, both 7 and wu are known functions of 6. 


We may easily verify this result by using the ordinary equations obtained by 
resolving and taking moments. 


430j. To determine the motion of a circular dise or hoop rolling on a rough 
ground but not necessarily in a vertical plane. 


In the figure the dise GP is drawn with its plane perpendicular to the paper, 
GM is a perpendicular from the centre G on the 
ground and P is the point of contact. Let GP, GB, 
GC be the moving axes of reference; since GC is 
fixed in the body its motion whether deduced from 
the angular velocities (w;, w2, ws) of the body or the 
angular velocities (0,, 02, 93) of the axes must be the 
same, hence 0,;=,, 0,=- 

Let wu, v, w be the components of the velocity of G 
along the axes of reference, then since P is instanta- 
neously at rest, 


Nea v+aw,=0, w —aw,=0. 
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The component accelerations of G are by Art. 251 
X=duldt — vO, + w0,= as O3 + Aw,, 
Y=dv/dt — w0, + U03 = — dws’ — awyw,, 
Z=dw|dt — U6, + v6, =aw,' — aw, . 

If S, be the part of S which depends on the motion of G we have 

28g = Dm (X? + V+ Z*) =a? (wy? + wg’? + Qe, (wy es! — w309')}, 
where all terms which do not contain w,’, w,/ or w,' are omitted. 

Let S, be that part of S which depends on the motion relative to G. By writing 
A=B, 6,=w,, 0,=ws, in Art. 4309 we deduce 

28) =A (wy? + wy”) + Cus? + 2 (403 — Cag) (w1 Wo! — wow’). 

The complete value of S is found by adding together S, and S, (Art. 430/). We 
now introduce the variables ¢,, q2, ¢3 Where as before dq,=w, dt, dq,= wy dt, dq3=w, dt 
(Art. 430 h) and deduce 

2S = Aqy"? + (A +a’) qo? +(C +4”) ga’? 
+2 (A83— Cg’) (4142 — 42/91") + 207 Qy' (92'93" — ¥3/G0"’). 
We notice that since 0, is an angular velocity (not an acceleration) we are not 
obliged to eliminate it before differentiating the function S (Art. 430 a). 

We have yet to consider the differential coefficients dU/dq,, &c. When the 
body receives the angular displacements dq,, dq, dq, the centre G moves and the 
body turns round P as an instantaneous centre. Hence dU/dq,, &c. are the 
moments of the forces about axes parallel to GA, GB, GC but having their origin 
at P (Art. 340). These moments are 

adU/dq,=90, dU/dq.= — ga cos 0, dU/dq3=0, 
where 6 is the angle the plane of the disc makes with the horizontal ground. 
The equations of motion of the disc are therefore 


Ag,” — (A83— Cqs’) do’ =0) 
(A +”) qo! + (443 — Cqa') 1’ — a qy'G3' = ~ 94 C08 8, 
(C+a*) gs” +a°9qy'q2/ =0. 


The problem of the motion of a dise or hoop rolling on a rough ground is also 
discussed by another method in Art. 244 of Vol. 1. of this treatise. The variables 
there used are the two angles 0, y of Hulerand w,. If we write in the equations (5) 
of this article g,/=0,=—-y’ sin 0, q.’=o.=6', q3’=w3, 0,=y' cos 6 we arrive at 
equations equivalent to those in Vol. u. The interpretation of these equations will 
be found in that volume. 


431. Change of the independent variable. A system of n degrees of freedom 
is defined by the Lagrangian function 
L=T+U+C, P=4 Ai, 02 + Ayo OP ++ BC. «0.00. 00.0ere rene (1). 
Let us now change the independent variable t to r and put P=dr/dt. For the 
sake of distinctness let suftixes applied to the coordinates 0, ¢, &c. mean differentia- 
tions with regard to 7 just as accents denote differentiations with regard to ¢; then 
6 =P0,, ¢ =P), &. We now write 


nse Meee Cree Che, Fc aoc ten ege RNR een (2), 
so that T, differs from T only in having 7 written for t. The equation of vis viva 
is therefore DU WIEDER Ol becneosioniee: no dodo bopdonoccoOnyHde (3). 
We shall now prove that we may take as a Lagrangian function either of the forms 

U+C L 
Lis PT + > 2 ONG TOENS2 oo) ee eRe (4), 


the second being derived from the first by using (3). Here P is an arbitrary function 
of the coordinates 0, ¢, &c. and their velocities 0,, ¢,, &e. 


R. D. 23 
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The new Lagrangian equations will then be 
@ dle die ad dl, - dl. 
= = Fe en RAGA an coRGOOrOL 5). 
dr do, dd’ drdg, dp’ (5) 
To prove this we form the partial differential coefficients dL,/d0,, dL,/d9, 


dL, : U+C\ dP aT U+C\ dP 
TER (Ant + drat + 86.) + (1, ~ pe \ ae ae Ty Pp do, °°() 


since @ sik 1; 0) E=if P15 &e., 
dL, SB 1 aU U + C al 


do” 2 a0 ja Pape P? ) a0 
_1 (aT dU\ | (» _U+0\ aP ie 
=35 (getag )t Timp) ages : 


Substituting in the Lagrangian equation 
aar_ar av 
dt de’ de * dé’ 
and using the equation (3) because d/dt is a total differential coefficient we arrive at 


: : d aL, dtl, 
the new typical equation 7 Bs @, =" 


where dr has been written for Pdt. 

The first of the two forms for L, given by the equation (4) should be used when 
we desire to simplify the original form of the Lagrangian function L by a proper 
choice of the arbitrary factor P. Thus in the example solved in Art. 43la, we 
transfer a factor M from the expression for 7 to that for U. 


The second form may be used when we wish that the new independent variable r 
should have any special value, while the form of P is a matter of indifference. For 
example, in Art. 431 b we replace t by one of the coordinates @ and thus eliminate 
the time from the Lagrangian equations. 


43la. As an example consider Liouville’s integral, Art. 407, Ex. 4. We have 
T=3M {A4,07+A,.97+ &.}, U+C={F, (9)+Fy(¢)+ &c.}/M, 
where A, is a function of @ only, A, of ¢ only, &c., while M may be a function of all 
the coordinates. Taking P=1/M we form the Lagrangian function 
L,=4 {4,0,? + 49,7 + &e.} + {Fy (6) + Fy (p) + &e.}. 
The Lagrangian @ equation then becomes 


d <add. ak, (6) wind » _ aF, (8) 
ar {4,65 2 do A; am wales: Ox 3 ap (418°) = do A, 
Hence by an easy integration we have 
$A, 0,°=F, (@)+a, “ 44,M?0?=F, (0) +a. 


This is the integral already arrived at in Art. 407. 


431b, When the paths of the particles are alone required, we may eliminate 
the time from the Lagrangian equations by using a new function instead of the 
Lagrangian function. 


In this method we choose some one coordinate 6 to be the independent variable 
and regard the others ¢, y, &c. as unknown functions of @ whose forms are to be 
found by the altered equations of motion. Let 


T= 4402+ Ay 0G +4 Age G2 + Ags GW! + BC. oo ccevccescerees (1), 


ART. 431 e] ELIMINATION OF THE TIME 355 


where accents denote differential coefficients with regard to the time. Let also 
LD’ =4 Ay + 4y0) +4 Ag 1? + Ags Oy + &Coi cc cevescanncccnnecee (2), 
where the suffixes of ¢, y, &c. here denote differentiations with regard to the new 
independent variable 0. 
CEE Hee ar at’ 
CE GR © dp do 
where the differential coefficients of 7 and 1’ are partial. 


Ge Re eee POR a (3), 


The equation of energy gives 
TO%=U+0; ow. '=(Sa) certs int ain (4). 
eee i ores 
Gagner nde oa 
U+C\? d [(/U+C\taT"| _ aT’ U+C , dU 
Ree ) ag \ Gi dd, < 


The Lagrangian equation 


Pig ee dae 
where all the differential coefficients are partial except the d/d@. Since U is nota 
function of ¢,, this becomes 
ah i 1 d 1 
Ses Reve YS seen ee Ua 3 ~ 
do ad, {(U+C) T’} cree ae He Urea eaciacsneaenrasos (5). 
Tf then we use Q={(U+C) T\3 as if it were the Lagrangian function and regard 
6 as the independent variable, we have the equations 
d dQ dQ d aQ_ dQ 
ARES aes piven eee aertemars seein cae piaeeere (6), 


From which the paths may be found. 


This result also follows from the theorem of Art. 431 by putting dr=dé, and we 
have here reproduced in another form so much of that article as is required for our 
present purpose. Since dr=Pdt we have P=d6/dt, and 0,=1, ¢,=d¢/dé and so on. 
It immediately follows from (2) and (3) of Art. 431 that 7,=7’, P= a) 
The Lagrangian function given by (4) of that article becomes 

L,=2{(U+ C) 7’\4=29. 


431c¢. We notice that however the expressions for the vis viva and the work 
function may be altered, yet so long as the product (U+C) TI’ remains unchanged 
the general equations of the paths are determined by the same relations between the 
coordinates 6, ¢, &c. The times of describing the paths may however be altered. 


431d. Since in the Lagrangian equations, the letters 6, ¢, &c. represent 
arbitrary functions of the quantities or coordinates which determine the position of 
the system, it is evident that we have here taken.as the independent variable any 
arbitrary function of the coordinates. 


431e. If some one coordinate, say ¢, is absent from the product (U+(C) 7’ 
(though 7’ contains the differential coefficient of ¢) we have dQ/d¢=0. It follows 
that one integral of the equations of motion is 

dQ L 

= “. (U+C)? 

dg, 2 ga 
where a is an arbitrary constant. If C is an arbitrary the product @ cannot be 
independent of ¢ unless 7’ and U are separately independent of ¢, But when C is 
given by the initial conditions this limitation is not necessary. 

If we substitute for d’/d¢, and 6’ the values given by (8) and (4) of Art. 431), 
this integral becomes d7'/d¢’ = 2a which is the same as that obtained in Art. 407, Ex. 5. 


23—2 
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431 f. To make a comparison of methods, let us use the function Q to investi- 
gate the paths when 7 and U have the forms given in Art. 431a. We have 


T'=4M {A,+4,¢2+&.}, U+C={F, (0)+F,(¢)+&e.}/M, 
where @ is the independent variable and ¢,=d¢/d0. We deduce 
Q?=43(4,+ 4.9)? + &e.)G, G=F, (0) + Fy () + Ke. 


The equation = ie = ic becomes 
d God, Go,? dAy A, +Aoo+ ke. dF, 
do Om Omeas 2Q dd’ 
_ Gd, d (2 j \=3 (2e" dA, , dP 
Oy GON Gy ay D WW a" Gey 7" 


Ly @ (Gb,\* 1 (Gy)? dy _ OF 
2 Gb NO) Od ae 
1 Gq,\? 
. 54 ae =F, ($) +8. 
2 Q 
Substitute for G and Q and we find 

A, + Aggy?+... Ayo? A,W2 


ee Fe 
F,(0)+F,(¢)+... Fy(@)+B B3(y) +7 
the third and other fractions follow by symmetry. Since ¢,=d@/d0, y,=dy/dé, 
&c., these results agree with those obtained by eliminating ¢ in Art. 48la. 


431g. In some cases the Lagrangian function L takes the form 
L=(44,, 07+ &.)+(4,0'+ A,9'4+ &.) +4,+U+C, 
where d4,,, &c., A,, &c., and A, are functions of the coordinates but not of t. The 
equation of vis viva is then (by Art. 407, Ex. 2), 


4A, 0+ &e, — Ap=U+ 0. 
Proceeding exactly as before we change dt into dr by taking as a new Lagrangian 


A U 
function L,=P ($y 0,7 + &e.) + (A, 0, + &e.) 4 oS * 


where as before 0,=d6/dr and P=dr/dt. 


The equation of vis viva gives 
pa Lhe EEO 


= Tan ar+ ae, T= 2{(do+ U+C) (Sn 6)? + &e.)}4 + (4) 0, +e.) 


431h, The elimination of the time from the Lagrangian equations is given by 
Painlevé in his Legons sur l’intégration des équations différentielles de la Mécanique, 
1895, page 237. By an application of the principle of least action he obtains the 


function here called Q and writes the equations in the typical form as dQ = a) : 
dq, dq, adn 

From these he deduces (page 239) that the Lagrangian equations may be written in 
the two forms 

Gal dl aU wear 

ats Chey ~ Ghay Tae? le Ge hy 
where T’=T(U+C) and dr=(U+C)dt. This special result follows from that 
given here by putting P=U+C. Its importance lies in the fact that by this change 
the motion is made to depend on that of a system moving under no forces. 


The elimination of the time from Lagrange’s equations is also given by Darboux 
in his Legons sur la théorie générale des surfaces, Art. 571, 1889. He expresses the 
result in the same form as Painlevé. 
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EXAMPLES*. 


1. Two weights of masses m and 2m respectively are connected by a string 
which passes over a smooth pulley of mass m. This pulley is suspended by a 
string passing over a smooth fixed pulley, and carrying a mass 4m at the other end. 
Prove that the mass 4m moves with an acceleration which is one twenty-third part 
of gravity. 


2. A uniform rod of mass 3m and length 21 -has its middle point fixed, and a 
mass m attached at one extremity. The rod when in a horizontal position is set 
rotating about a vertical axis through its centre, with an angular velocity equal to 
a/(2ng/l). Show that the heavy end of the rod will fall till the inclination of the 
rod to the vertical is cos~! (/n?+1 —n), and will then rise again. 


3. A rod of length 2/ is constrained to move on the surface of a hyperboloid of 
revolution of one sheet with its axis of symmetry vertical, so that the rod always 
lies along a generator. If the rod start from rest, show that 

7’? — Qar’6’ sin a + a?9* + sin? a (7? + 41?) 6 +4 2g cosa (7-719) =0, 
fa®+sin? a (r?+40)} 6 — ar’ sina=0, 
where 7 is the distance measured along a generator from the centre of gravity to 
the principal circular section, @ is the excentric angle of the point in which the 
generator meets this circular section, a is the radius of the circular section, and a is 
the inclination of the rod to the vertical. 


4, A ring of mass m and radius 0 rolls inside a perfectly rough ring of mass M 
and radius a, which is moveable about its centre in a vertical plane. If 0, ¢ be the 
angles turned through by the rings from their position of equilibrium, prove that 

ab+bp=(a—b)y, Mad”=mbo”’, (2M+m) (a—b) Wy’ = -(M+m) gsiny. 

5. Ifl, m, n be the direction-cosines with respect to fixed axes of a rod moving 
in any manner in space, and if V be the potential energy, prove that 


Lf CRU | Ghe 1 dm dV 1 Gn dV 
i (198+ St) = m (z ae * im) =, (158 ton) 


where I is the moment of inertia of the rod about an axis through its centre 
perpendicular to its length. See Art. 400. 


6. A particle of mass m moves in one plane, and its motion is referred to areal 
coordinates x, y, 2. If 2T be the vis viva, and V the potential energy expressed as 
a homogeneous function of the areal coordinates, prove that 


2T= —m (a®y'z' +0222’ +c? a'y’), 
wt 2 tt’ dV _ Pall DAP d dV _ 2,,¢/ Dianll\ dV 
m (b22" + c?y )- 2 =m(c xv’ +a%zZ le ag = m(a®y’’ +b?) 25 : 

7. Aheavy rod, whose length is 2a, slips down with its extremities in contact 
with a smooth horizontal floor and a smooth vertical wall; the rod not being 
initially in a plane perpendicular to the wall. If @ be the inclination of the rod to 
the vertical, and y the inclination of the horizontal projection of the rod to the 
intersection of the planes, prove that 


a Gils : 3g 
4 Fp (cos 9) =cot 0 sec y —, (sin 8 cos yw) est 


Gee sae: Seeds ee 
4p (sin @ sin y) =tan ¥ op (sin cos y). 


* These examples are taken from the Examination Papers which have been set 
in the University and in the Colleges. 
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8. A particle moves under the action of two centres of repulsive force F and G 
tending from two fixed points, at a distance 2c from each other. Show that the 
Lagrangian equations of motion may be written in the form 


GLGME Gills Oh Gwe Gil 
ae a ee? Hae di 
where \ and p are the elliptic coordinates of the particle referred to the fixed points 
2 2 2 
as foci, and ; = = us ah i 5 


N2—c?2 © 6? — p?™ 


9. If 7, @ be the polar coordinates of a particle of mass m whieh describes 
an orbit under the action of a central force F tending to the pole, and 
u, v be the corresponding momenta, prove that the Hamiltonian function is 

2 2 
5 tg ats Far. Thence deduce the Hamiltonian equations of motion 
u=mr", v=mr6, mr? (u'+ F)=v?, v’ =0. 


lis 


10. A perfectly rough horizontal disc, free to turn about a vertical axis, carries 
a symmetrical spinning-top. The inclination of the axis of the top to the vertical 
being 0, and ¢ being the azimuth, relative to the disc, of the vertical plane con- 
taining the axis, shew that the modified function 24’ is of the form 


2 


A (62+ sin? 0p’") + 2Cn cos Og’ — Cn? — 2Mgh cos 6 — a ‘ 
where D=I+ Ma (a+2hsin 6 cos ¢) +4 sin? 4, 
N=P-(Asin6@+Mhacos ¢) sin 6¢’ 
-- Mha cos 6 sin @6’ — Cn cos 6, 


a is the distance of the vertex of the top from the fixed axis, P and On are constant 
momenta, and J, 4, C are inertia constants. [St John’s Coll. Dec. 1904. 


See Arts. 365 Ex. 1, 420, 421. 


CHAPTER Lx. 
SMALL OSCILLATIONS 


Oscillations with One Degree of Freedom 


432, WHEN asystem of bodies admits of only one independent 
motion and is making small oscillations about some mean position, 
or some mean state of motion, it is in general our object to reduce 
the equation of motion to the form 

Pax da 

LST Ns Pitas os 

at Oa + bx =c, 
where # is some small quantity which determines the position of 
the system at the time ¢. This reduction is effected by neglecting 
the square of the small quantity a. 


433. Wleaning of the Terms. We suppose the equation to be obtained by 
writing down the equations of motion of all the particles, and then eliminating 
the reactions. Let us consider the case in which the system is displaced from a 
position of equilibrium. We represent the amount of displacement by some letter x 
such that, x being known, the position of every particle can be deduced from the 
geometrical conditions of the system. The displacement é of any particle m is 
therefore some function of xz, and since the square of x is to be neglected in a 
small oscillation we have by Maclaurin’s theorem ¢=G+Ha, where G and H are 
some constants depending on the position of the particle in the system. The 
effective forces on m are (1) Hm along the tangent to its are of oscillation, and 
(2) a centrifugal foree which has m4? in the numerator, and may therefore be 
neglected. The effective forces therefore contribute terms of the form «# to the 
differential equation. 


The impressed forces on the system are of three kinds. 


(1) The system being displaced the forces of the system tend to bring it back 
to its position of equilibrium, if this position is stable. These forces are all 
functions of «, and since the square of x is neglected, they contribute terms of the 
form c—bx to the equation. The terms c-— bx therefore represent the natural 
forces of restitution. 

(2) There may be some forces of resistance acting at special points of the 
system which depend on the velocities of the particles. The velocity of any such 
particle m will be some function of £, which, as before, may be taken equal to Ha. 
These resistances will therefore contribute terms of the form az to the equation. 
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(3) We may have some small external forces which are functions of the time. 
We may, when they exist, represent them by a term f(t) on the right-hand side of 
the equation. 

We see that the effective forces and the three kinds of impressed forces contribute 
different kinds of terms to the equation, and, since the products of these terms are 
to be neglected, each term comes exclusively from the source mentioned. 

We propose in the first instance to omit the external forces, and to consider the 
motion of a system acted on only by the forces of restitution and the forces of 
resistance. The oscillation produced by these two together is called the natural 
or free vibration. The oscillations produced by the external forces are sometimes 
called forced vibrations, and will be considered under that heading in Vol. 11. 


434. Solution of the Equation. It generally happens 
that a, b, c are all constants, and in this case we can completely 
determine the oscillation. By putting #=c/b +e“, when 6 is not 
zero, we reduce the equation to the well-known form 


d? 
HE 4 (b-a)E= 0. 

When b—da? is positive, let us, for the sake of brevity, put 
b—a?=n* We then have 
c 
b 
where A and B are two undetermined constants which depend on 
the initial conditions of the motion. The physical interpretation 
of this equation is not difficult. It represents an oscillatory 
motion. The central position about which the system oscillates 
is determined by =c/b. The system passes through this central 
position whenever nt + B is a multiple of 7. We therefore infer 
that the interval between two successive passages through the 
central position is 7/n. To find the times at which the system 
comes momentarily to rest we put daz/dt=0. This gives 

tan (nt + B) = n/a. 

The interval from one position of momentary rest to the next 
is also 7/n. Measuring the time from any passage through the 
central position we have «=c/b when t=0 and therefore B= 0. 
The least negative root of the equation tan nt=n/a (taken 
positively) gives the interval from any position of momentary 
rest to the central position, and the least positive root gives 
the interval from the central position to the next position of 
rest. The former is evidently greater and the latter less than 
m/2n, the sum of the two being w/n. The extent of the 
oscillations on each side of the central position may be found 
by substituting the values of ¢ given by this equation in 
the expression for #—c/b. Since these must occur at a 
constant interval equal to 7/n, we see that the extent of the 
oscillation continually decreases, and that the successive arcs 
on each side of the position of equilibrium form a geometrical 


v=7+ Ae sin (nt + B), 
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progression whose common ratio is e~%/". The quantity n is 
called the frequency of the oscillation. This very useful term has 
been introduced by Lord Rayleigh in his Theory of Sound. 


When b —a? is negative, we put b—a?=—»*. In this case 
the sine in the solution must be replaced by its exponential value, 


c 
b 
where C and D are two undetermined constants. The motion is 
now no longer oscillatory. If a and b are both positive, v is 
less than a, and in this case, whatever the initial conditions 
may be, # ultimately becomes equal to c/b, and the system con- 
tinually approaches the position determined by this value of a. 
The same thing occurs if vy be greater than a, provided that the 
initial conditions are such that the coefficient of the exponential 
which has a positive index is zero. 
If b—a?=0, the integral takes a different form, and we have 


oO. gps Je Ce—arv)t + De teu vie 


n=5 + (£+ PF)e, 


where £ and F are two undetermined constants. If a be positive, 
the system continually approaches the position given by ba =c. 


435. When the value of « as given by these equations becomes 
large, the terms depending on «? which have been neglected in 
forming the equation may also become great. It is possible that 
these terms may alter the whole character of the motion. In 
such cases the equilibrium, or the undisturbed motion of the 
system as the case may be, is called unstable, and these equations 
can represent only the nature of the motion with which the system 
begins to move from its undisturbed state. 


436. Ex.1. Find the ultimate value of x when we have initially 


a — (a+r) (« - 5) : 


ey d 
Ex. 2. Show that the complete integral of cs og 


Wo) is 


n 
where x), % are the values of and 4 when t=0. [Math. Tripos, 1876. 


. sinnt Whos iL [fe ; " 
a4 #+( o0s nt+ “sinnt + zy e~U(t") sin n (t — t’) f (t’) dt’, 
0 


437. It will be often found advantageous to trace the motion 
of the system by a figure. Let equal increments of the abscissa 
of a point P represent on any scale equal increments of the time, 
and let the ordinate represent the deviation of the coordinate « 
from its mean value. Then the curve traced out by the repre- 
sentative point P will exhibit to the eye the whole motion of the 
system. In the case in which a and 6 —q@? are both positive the 
curve takes the form here represented. 
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The dotted lines correspond to the ordinate + de. The 
representative point P oscillates between these, and its path 


alternately touches each of them. In just the same way we may 
trace the representative curve for other values of a and 6. 


The most important case in dynamics is that in which a = 0. 
The motion is then given by 


e 
b 


The representative curve is then the curve of sines. In this 
case the oscillation is usually called harmonie. 


eL— 


= Asin (Vot + B). 


438. Ex.1. A system oscillates about a mean position, and its deviation is 
measured by w. If 2, and 2, be the initial values of « and x, show that the system 


ai g 5 
will never deviate from its mean position by so much as eeu) if b 
be greater than a?. 

Ex. 2. A system oscillates about a position of equilibrium. It is required to 
find by observations on its motion the numerical values of a, }, c. 

Equations to find the constants may be constructed by measuring z at 
different times, but some measurements can be made more easily than others. 
For example, the values of « when the system comes momentarily to rest can be 
conveniently observed, because the system is then moving slowly, and a measure- 
ment at a time slightly wrong will cause an error only of the second order, 
while the values of ¢ at such times cannot be conveniently observed, because, 
owing to the slowness of the motion, it is difficult to determine the precise moment 
at which z vanishes. 

If three successive values of « thus found be 2, x2, x3, the ratio of the two 
successive arcs r,— x, and #,~ 42 is a known function of a and b, and one equation 
can thus be formed to find the constants. If the position of equilibrium is 


unknown, we may form a second equation from the fact that the three arcs 
¢ c c : 2 
©) — Fs ta- 73 3-5 also form a geometrical progression. In this way we find yo 


which is the value of x corresponding to the position of equilibrium, and also a/n. 


The position of equilibrium being known, the interval between two successive 
passages of the system through it can be conveniently observed. This is also a 
known function of a and b, and thus a third equation may be formed. 
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Ex. 3. A body performs rectilinear vibrations in a medium whose resistance is 
proportional to the velocity, under the action of an attractive force tending towards 
a fixed centre and proportional to the distance therefrom. If the observed period 
of vibration is 7, and the coordinates of the extremities of three consecutive semi- 
vibrations are p, q, 7, prove that the coordinate of the position of equilibrium and 
the time of vibration if there were no resistance are respectively 


eee gt ey 3 | 
ere and T 1+5 (1og2=2 : [Math. Tripos, 1870. 


First Method of forming the Equations of Motion. 


439. When the system under consideration is a single body 
there is a simple method of forming the equation of motion which 
is sometimes of great use. 


Let the motion be in two dimensions. 


It has been shown in Art. 205, that if we neglect the squares 
of small quantities we may take moments about the instantaneous 
centre as a fixed centre. Usually the unknown reactions will be 
such that their lines of action will pass through this point, their 
moments will then be zero, and thus we shall have an equation 
containing only known quantities. 


Since the body is supposed to be turning about the instan- 
taneous centre as a point fixed for the moment, the direction of 
motion of any point of the body is perpendicular to the straight 
line joining it to the centre. Conversely, when the directions of 
motion of two points of the body are known, the position of the 
instantaneous centre can be found. For if we draw perpendiculars 
at these points to their directions of motion, the perpendiculars 
must meet in the instantaneous centre of rotation. 


The equation may, in general, be reduced to the form 
d?@  /moment of impressed forces about 
Mk? — = : A 
dt the instantaneous centre 
where @ is the angle some straight line fixed in the body makes 
with a fixed line in space. In this formula Mk? is the moment 
of inertia of the body about the instantaneous centre, and since 


DY 


the left-hand side of the equation contains the small factor - 


we may here suppose the instantaneous centre to have its mean 
or undisturbed position. On the right-hand side there is no small 
factor, and we must therefore be careful either to take the moment 
of the forces about the instantaneous centre in its disturbed position, 
or to include the moment of any unknown reaction which passes 
through the instantaneous centre. 


Ex. Ifa body with only one independent motion can be in equilibrium in the 
same position under two different systems of forces, and if L,, L, are the lengths 
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of the simple equivalent pendulums for these systems acting separately, then the 
length L of the equivalent pendulum when they aet together is given by 

wa 1 

Pet ro 

440. Ex.1. A homogeneous hemisphere performs small oscillations on a perfectly 
rough horizontal plane: find the motion. 

Let C be the centre, G the centre of gravity of 
the hemisphere, N the point of contact with the 
rough plane. Let the radius=a, CG=c, 

6= 2 NCG. 

Here the point N is the centre of instantaneous 
rotation, because, the plane being perfectly rough, 
sufficient friction is called into play to keep WV at 
rest. Hence taking moments about N 

(k?+ GN?) 6= —ge.sin 0. 
Since we can put GN=a~-c in the small terms, this reduces to 
{k2+(a—c)*}6+ge.0=0. 


k?+(a—c)? 


cg 
It is clear that k?+c?=sq. of rad. of gyration about C =2a?, and that c=4a. 


Therefore the time of a small oscillation is 27 Rs 


If the plane had been smooth, M would have been on the instantaneous axis, 
GM being the perpendicular on CN. For the motion of N is in a horizontal 
direction, because the sphere remains in contact with the plane, and the motion 
of G is vertical by Art. 79. Hence the two perpendiculars GW, NM meet on the 
instantaneous axis. By reasoning similar to the above the time is found to be 
Qn /h2/cg. 

Ex. 2. Two circular rings, each of radius a, are firmly jointed together at one 
point so that their planes make an angle 2a with one another, and are placed on a 
perfectly rough horizontal plane. Show that the length of the simple equivalent 
pendulum is $a (1+3 cos? a) cos a cosec? a. [Math. Tripos. 

Join the centres C, C’, and describe the enveloping cylinder whose generators 
are parallel to CC’. Treat the elliptic perpendicular section drawn through the point 
of contact 4 of the two circles as the rolling body, the k? about the point of contact 
being equal to that of the two circles about the generator most remote from A. 


441. Oscillations of Cylinders. A cylindrical surface of 
any form rests in stable equilibrium under gravity on another 
perfectly rough cylindrical surface, the ames of the cylinders being 
horizontal and parallel. A small disturbance being given to the 
upper surface, find the time of a small oscillation. 


Let BAP, B’A’P be the sections of the cylinders perpendicular 
to their axes. Let OA, C/A’ be normals at those points A, A’ 
which before disturbance were in contact, and let a be the angle 
made by AO with the vertical. Let OPO be the common normal 
at the time ¢. Let G be the centre of gravity of the moving body, 
then before disturbance A’G was vertical. Let A’G=r. / 


Now we have only to determine the time of oscillation when 
the motion decreases without limit. Hence the arcs AP, A’P will 
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be ultimately zero, and therefore C and O may be taken as the 
centres of curvature of AP, A’P. Let p=OA, p'=CA’, and let 
the angles AOP, A'CP be denoted by ¢, ¢’ respectively. 

Let @ be the angle turned round by the body in moving from 
the position of equilibrium 
into the position B’A’P. 
Then, since before disturb- 
ance A’C and AO were in 
the same straight line, we 
have 6=ZODE=¢+49’, 
where CA’ meets OAF in 
D. Also, since one body 
rolls on the other, the arc 


AP=are A’P,.*.pp=p'¢’, 


Again, in order to take 
moments about P, we re- 
quire the horizontal dis- 
tance of G from P; this 
may be found by projecting 
the broken line PA’+ A’G on the horizontal. The projection of 
PA’ =PA'cos(a+ 6) = pg cosa when we neglect the squares of 
sinall quantities. The projection of A’G is r@. Thus the hori- 
zontal distance required is Ge cos a— rr) 0. 
ptp 

If k be the radius of gyration about the centre of gravity, the 
equation of motion is 


ape a ee ie 
(k? + GA’) — = 90 (PP cos a Be 


dt 
If Z be the length of the simple equivalent pendulum, we 
02 2 i“ 
Boe a = fF cosas 


442. Circle of Stability. Along the common normal at 
the point of contact A of the two 
cylindrical surfaces measure a length C 
AS==s, where Poet and de- 
scribe a circle on AS as diameter. 
Let AG, produced if necessary, cut 
this circlein VN. Then 

GN =scosa—r, 

the positive direction being from V 
towards A. The length ZL of the 
simple equivalent pendulum is given 
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by the formula 
L.GN =sq. of rad. of gyration about A. 


It is clear from this formula, that if @* lie without the circle 
and above the tangent at A, LZ is negative and the equilibrium 
is unstable, if within, Z is positive and the equilibrium is stable. 
This circle is called the circle of stability. 


This rule will be found very convenient to determine not only 
the condition of stability of a heavy cylinder resting in equilibrium 
on ohe side of a rough fixed cylinder, but also to determine the 
time of oscillation when the equilibrium is disturbed. An ex- 
tension of the rule to cases of rough cones and other surfaces will 
be given further on. 


443. It may be noticed that the preceding result is per- 
fectly general and may be used in all cases in which the locus of 
the instantaneous axis is known. Thus p’ is the radius of curva- 
ture of the locus in the body, p that of the locus in space, and a 
the inclination of its tangent to the horizon. 


If dx be the horizontal displacement of the instantaneous 
centre produced by a rotation d@ of the body, the equation to 
find the length of the simple equivalent pendulum of a body 
oscillating under gravity may be written 

ees 
Lao 

This follows at once from the reasoning in Art. 441. It may 
also be easily seen that the diameter of the circle of stability is 
equal to the ratio of the velocity in space of the instantaneous axis 
to the angular velocity of the body. 


Te 


Ex. 1. A homogeneous sphere makes small oscillations inside a fixed sphere so 
that its centre moves in a vertical plane. If the roughness be sufficient to prevent 
all sliding, prove that the length of the equivalent pendulum is seven-fifths of the 
difference of the radii, If the spheres were smooth the length of the equivalent 
pendulum would be equal to the difference of the radii. 


Ex. 2. A homogeneous hemisphere being placed on a rough fixed plane, which 
is inclined to the horizon at an angle sin-!},/2, makes small oscillations in a 
vertical plane. Show that, if a is the radius of the hemisphere, the length of the 
equivalent pendulum is +45 (92 —5,/14) a. 


* Let R be the radius of curvature of the path traced out by G as the one 
: 2 
cylinder rolls on the other, then we know that R=40 , and that all points with- 
28 
out the circle described on AS as diameter are describing curves whose concavity 
is turned towards 4, while those within the circle are describing curves whose 
convexity is turned towards A. It is then clear that the equilibrium is stable, 
unstable, or neutral, according as the centre of gravity lies within, without, or on 
the circumference of the circle. 
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444, If the body be acted on by any force which passes through the centre of 
gravity, the results must be slightly modified. Just as before, the force in equi- 
librium must act along the straight line joining the centre of gravity G to the 
instantaneous centre 4. When the body is displaced, the force cuts its former 
line of action in some point F’, which we shall assume to be known. Let AF=f, 
taking f positive when G and F are on opposite sides of the locus of the instan- 
taneous centre. Then it may be shown by similar reasoning, that the length 
_L of the simple equivalent pendulum under this force, supposed constant and 

21 2 , , 
equal to gravity, is given by eee aa cos a, where a is the angle the 
direction of the force makes with the normal to the path of the instantaneous 
centre. 


Lovey? 


4@ = 767 gp then the 


If we measure along the line AG a length AG’ so that 


k? +7? 


expression for L takes the form =G’N. The equilibrium is therefore stable 


or unstable according as G’ lies within or without the circle of stability. 


445. Oscillations of a body resting on two curves. Two points A, B of 
a body are constrained to describe given curves, and the body is in equilibrium under 
the action of gravity. A small disturbance being given, find the time of an oscillation. 


Let C, D be the centres of curvature of the given curves at the two points A, B. 
Let AC, BD meet in O. Let 
G be the centre of gravity 
of the body, GH a perpen- 
dicular on AB. Then in 
the position of equilibrium 
OG is vertical. Let i, 7 be 
the angles which Cd, BD 
make with the vertical, and 
let a be the angle AOB. 
Let 4’, B’, G’, LE’ denote the 
positions into which 4, B, 
G, E are moved when the 
body is turned through an 
angle 6, and let O’ be the 
point of intersection of the 
normals at A’, B’. Let 
ACA’=¢, BDB’=¢'. Since 
the body may be brought 4’ 
from the position AB into 
the position A’B’ by turn- 


CA.g@_BD.¢’ 


=6. Also G@’ is 


ing it about O through an angle 6, we have oa On 


ultimately perpendicular to OG, and we have GG’=OG.86. Also let x, y be the 
projections of OO’ on the horizontal and vertical through O. Then by projections 


xeosj+y sin j=distance of O’ from OD=OD. ¢’, 


x cosi—y sini=distance of O’ from OC=0C .¢; 


_OD.sini.¢'+OC.sinj .¢ 
4 sin a 7 
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Now, taking moments about O’ as the centre of instantaneous rotation, we have 


2 12 a0 Tals 
(k?+ 0G )Fa= —g.(G@G'+2) 


OD.OB sini OC. OA sinj 
BD alas Od, carey 


where k is the radius of gyration about the centre of gravity. 


ey) (0G+ 


Hence, if L be the length of the simple equivalent pendulum, we have 


k?+ OG? OD.OBsini OC.OAsinj 
i 1 he ig CeCe citer 


If the given curves, on which the points A, B are constrained to move, be 
straight lines, the centres of curvature C and D are at infinity. In this case, we 


may put = —1, one —1, and the expression becomes 
ms j eee Pe 
POG OG 0b Oe 
L sin a sin a 


lf OA and OB be at right angles, this takes the simple form 
k? + OG? 

L 
where F is the projection on OG of the middle point of AB. 


= 0G -20F, 


Ex. 1. A heavy rod ACB rests in equilibrium in a horizontal position within 
a surface of revolution whose axis is vertical. Let 2a be the length of the rod, 
p the radius of curvature of the generating curve at either extremity of the rod, 7 
the inclination of this radius of curvature to the vertical. Prove that, if the rod be 
slightly disturbed, so that it makes small oscillations in a vertical plane, the length 
ap sini cost (1+3 cot?) 
3 (a — p sin*?) 5 


of the equivalent pendulum is 


Ex. 2. The extremities of a uniform heavy rod of length 2c slide on a smooth 
wire in the form of a parabola, whose axis is vertical, and whose latus rectum is 
equal to 4a. If the rod be slightly displaced from its position of stable equilibrium, 

2ac _ 2a 12a? +c? 
3(c—2a)’? ” 3 dae?’ 
according as the length of the rod is greater or less than the latus rectum of the 
parabola. 


prove that the length of the equivalent pendulum is 


In the first case the rod in its stable position of equilibrium passes through the 
focus and is inclined to the horizon. In the second ease the rod is horizontal. 
When the length of the rod is equal to the latus rectum the oscillation is not tauto- 
chronous, see Art. 450. If the rod start from rest at a small inclination a to the 


ee 
horizon, it will become horizontal after a time (2)/ (l- g')-3 dp. The first 
a\99/ J0 
case of this question was set in a Caius Coll. paper. 


Ex. 3, The extremities of a rod of length 2a slide upon two smooth wires, 
which form the upper sides of a syuare whose diagonal is vertical, prove that the 
length of the equivalent pendulum is 4a. {Math. Tripos. 


446. Oscillation when the path of centre of gravity is known. 4 body 
oscillates about a position of equilibrium under the action of gravity, the radius of cur- 
vature of the path of the centre of gravity being known, find the time of an oscillation. 


ART. 447] OSCILLATIONS FOUND BY VIS VIVA 369 


Let A be the position of the centre of gravity of the body when it is in its 
position of equilibrium, G the position of the centre of gravity at the time t. Then 
since in equilibrium the altitude of the centre of gravity is a 
maximum or minimum, the tangent at A to the curve AG is 
horizontal. Let the normal GC to the curve at G meet the normal 
at din G. Then, when the oscillation becomes indefinitely small, 

C is the centre of curvature of the curve at A. Let 4G=s, the 0 
angle ACG=y, and let R be the radius of curvature of the curve 
at A. 


Let 6 be the angle turned round by the body in moving from 
the position of equilibrium into the position in which the centre 
of gravity is at G; then d6/dt is the angular velocity of the body. Gt 
Since G is moving along the tangent at G, the centre of instan- 4 
taneous rotation lies in the normal GC, at such a point O that 
do Le heie Oe 
OG 7 =vel. of a oe GO= 
Let Mk? be the moment of inertia of the body about its centre of gravity, then 


2 
taking moments about 0, we have (k? + OG?) ae —g.OGsin at 
-_ ee it oe dy _ lv ds 
Ultimately, when the angle 6 is indefinitely small, Ses aR § 
a6 eh 
ae 2 ca 
SG + OG) F0 = I*-: ald; 
and the length of the simple equivalent pendulum is L = (a + am) 18. 


447. Oscillations found by Vis Viva. When the system of bodies in motion 
admits of only one independent motion, the time of a small oscillation may 
frequently be deduced from the equation of vis viva. This equation is one of the 
second order of small quantities, and in forming the equation it is thus necessary 
to take into account small quantities of that order. This sometimes involves 
rather troublesome considerations. On the other hand, the equation is free from 
all the unknown reactions, and we thus frequently save much elimination. 

The method of proceeding will be made clear by the following example, by 
which a comparison may be made with the method of the last article. 

The motion of a body in space of two dimensions is given by the coordinates x, y 
of its centre of gravity, and the angle 0 which any fixed line in the body makes with 
a line fixed in space. The body being in equilibrium under the action of gravity, tt is 
required to find the time of a small oscillation. 

Since the body is capable of only one independent motion, we may express (2, y) 
as functions of 6, thus Dia L(G) eis (6) 

Let Mk? be the moment of inertia of the body about an axis through its centre of 
gravity, then the equation of vis viva becomes 4? +- 72+ k?6?=C—2gy, where C is 
an arbitrary constant. 

Let a be the value of @ when the body is in the position of equilibrium, and 
suppose that, at the time t, @=a+¢. Then, by Maclaurin’s theorem, 

Y=YotYoPt hyo P+ 
where yy’, Yo’ are the values of a au when =a. But in the position of equili- 
brium y is a maximum or minimum; .. yj =0. Hence the equation of vis viva 
becomes (a/2+k?) ¢?=C —gyo''¢?, where xo is the value of da/d@ when 6=a; 
differentiating we get (xj2+k?)¢= —gyo'¢. 
9 


Re Ds 24 
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If L be the length of the simple equivalent pendulum, we have 


me KN 
Lp +(z) 


where for 6 we are to write its value a after the differentiations have been effected. 
It is not difficult to see that the geometrical meaning of this result is the same as 
that given in the last article. 


This analytical result was given by Mr Holditch, in the eighth volume of the 
Cambridge Transactions. It is a convenient formula when the motion of the 
oscillating body is known with reference to its centre of gravity. 


Ex. 1. The lower extremity of a heavy uniform beam of length a slides on a 
weightless inextensible string of length 2a, whose extremities are attached to two 
fixed points in the same horizontal line, and the upper extremity slides on a vertical 
rod which bisects the line joining the two fixed points. Prove that the only position 
of equilibrium is vertical, and that the time of a small oscillation about this position 
S ee , Where 2,/(a?— b?) is the distance between the two fixed points. 
n/ (3g (20 — a)} 
[Math. Tripos. 
The lower extremity of the rod may be regarded as moving in a circle of radius 
a?/b. Express the coordinates (v, y) of the middle point in terms of the angle @ 
which the rod makes with the vertical. The result follows by the principle of 
vis viva. 


Ex. 2. The extremities of a rod slide on the circumference of a three-cusped 
hypocycloid whose plane is vertical. The radius of the circumscribing circle is 3a, 
and one of the cusps is at the highest point of the circle. Prove that the length of 
the equivalent pendulum is $a. [Math. Tripos, 1872. 

First prove that in this hypocycloid the rod as it slides with its two ends on the 
side branches BH, DE always touches the lowest branch BD, Its middle point R 
describes a circle with centre O, and radius a where O is the centre of the circum- 
scribing circle. If BOR=4®, the angle which the rod makes with the tangent at the 
cusp Bis}. The result then follows by using the principle of vis viva. 


448, Moments about the Instantaneous Axis. When a 
body moves in space with one independent motion there is not in 
general an instantaneous axis. It has, however, been proved in 
Art. 225 that the motion may always be reduced to a rotation 
about some central axis and a translation along that axis. 


Let J be the moment of inertia of the body about the instan- 
taneous central axis, Q the angular velocity about it, V the velocity 
of translation along it, M the mass of the body, then by the 
principle of vis viva $10?+3MV*=U + C, where U is the force- 
function, and C' some constant. Differentiating we get 
dQ 1 ads VdV dU 
sels as, Ge BIAS, weep 
di 52 des Onde aan 

In the time dt the body turns round the instantaneous axis 
through an angle Qdt, and advances along that axis a space Vdt; 


we therefore have dU= LOdt+ ZVdt where L is the moment of 
the impressed forces about the central axis and Z the component 


df 
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along it (Art. 340). Let p be the pitch of the screw-motion of 
the body, then V= pQ. The equation of motion therefore becomes 


EOhONS TE Wa dp _ 
If the body be performing small oscillations about a position of 


equilibrium, we may reject the second and third terms, and the 
equation becomes (I+ Mp) = ibeaVA 


If there be an instantaneous axis, »=0, and we see that we 
may take moments about the instantaneous axis exactly as if it 
were fixed in space and in the body. 


Ex. A rigid body moves in any manner about a fixed point. If Q is the 
angular velocity, I the moment of inertia, L the moment of the impressed forces, 


each about the instantaneous axis, prove that = & (10Q2)=L. [Arts. 215, 252.] 


A uniform rough heavy circular dise of radius a has its edge touching a horizontal 
table and rests against the pointed top of a peg of vertical height h fixed in the table. 
In the position of equilibrium its plane makes an angle a with the table. Show that 
the length of the simple equivalent pendulum for a small oscillation in which there 


is no slipping is ah sec a tan a/4 (h—-asin a). [Math. Tripos, 1904. 


Second Method of forming the Equations of Motion. 

449. Let the general equations of motion of all the bodies be 
formed. If the position about which the system oscillates be 
known, some of the quantities involved will be small. The squares 
and higher powers of these may be neglected, and all the equations 
will become linear. If the unknown reactions be then eliminated 
the resulting equations may be easily solved. 

If the position about which the system oscillates be unknown, 
it is not necessary to solve the statical problem first. We may by 
one process determine the positions of rest, ascertain whether they 
are stable or not, and find the time of oscillation. The method of 
proceeding will be best explained by an example. 


450. Ex. The ends of a uniform heavy rod AB of length 21 
are constrained to move, the one along a horizontal line Ox, and the 
other along a vertical line Oy. IPf the whole system turn round 
Oy with a uniform angular velocity w, wt rs requred to find the 
positions of equilibrium and the time of a small oscillation. 

Let x, y be the coordinates of G the middle point of the 
rod, @ the angle OAB which the rod 
makes with Ox Let R, R’ be the 
reactions at A and B resolved in the 
plane wOy. Let the mass of a unit 
of length be taken as the unit of mass. 

The accelerations of any element 
dr of the rod whose coordinates are 
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ld : 
(—, ) are ee w£ parallel to Oz, z ae”) perpendicular to 
the plane «Oy, and = parallel to Oy. 


As it will not be necessary to take moments about Oz, Oy, or 
to resolve perpendicular to the plane Oy, the second acceleration 
will not be required. The resultants of the effective forces Edr 
and dr, taken throughout the body, are 21% and 2ly acting 
at G,and a couple 2/6 tending to turn the body round G. The 
resultants of the effective forces w*£dr taken throughout the body 


41 
are a single force acting at G =| wo? («+r cos 0) dr= ox, 2l,and a 


+1 2 
couple* round G =| w? (a+r cos 6)r sin 0dr = w?. 21. : sin 6 cos 6, 
—i 
the distance r being measured from G towards A. 
Then we have, by resolving along Ox, Oy, and by taking 
moments about G, the dynamical equations 
21a = — R’+ ox. 21 


Qlij =— R+g.2l 


é pe le es (ab). 
21°60 = Ra — R’y — ow. 21. 3 sin A cos 6 
We have also the geometrical equations 
@ = 1.008 0... Y= 1 BIN, Os igs voelen ee mac enets (2). 


Eliminating R, R’, from the equations (1), we get 
aij — ye + 26 = ga — w*wy — kel? sin 0 cos @ ...... (3). 
To find the position of rest. We observe that if the rod were 
placed at rest in that position 1t would always remain there, and 
that therefore #=0, y=0, 6=0. These give 
FT (&, y 9) = ge — oxy — tl? sin 8 cos0 =0 ...... (4). 


Joiming this to equations (2), we get 0= oe or sin @ = 74 : 


and thus the positions of equilibrium are found. Let any one of 
these positions be represented by 0= a, =a, y=b. 

To find the motion of oscillation. Let e=at+a’, y=b+y, 
d=a+6', where 2’, y’, @ are all small quantities, then we must 
substitute these values in equation (3). On the left-hand side, 
since #, 9, @ are all small, we have simply to write a, b, a for 


* If a body in one plane be turning about an axis in its own plane with an 
angular velocity w, a general expression can be found for the resultants of the 
centrifugal forces on all the elements of the body. Take the centre of gravity G as 
origin and the axis of y parallel to the fixed axis. Let c be the distance of G from 
the axis of rotation. Then all the centrifugal forces are equivalent to a single 
resultant force at G = fw (c+ x) dm=w*. Mc, since Z=0, 
and a single resultant couple = fw? (c+ «) ydm=w* {ay dm, since ¥=0. 
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x,y, @. On the right-hand side the substitution should be made 
by Taylor’s Theorem, thus 


yo, ay Fy 
Sata’, b+y, a+0)= aye TM Pe 
We know that the first term f a b, a) =0, because this is the 
very eaueuon (4) from which a, b, a were found. 
. a — b#’ +16 ‘= (g — 0°) a —o’ ay’ —4@7l? cos 2a. 6’. 
But, by putting 0 = a+ 6’ in equations (2), we get by Taylor’s 
Theorem a =—IJsina. 0, y¥ =l cosa. 6’, also a=l cosa, b=/ sina. 
Hence the ae 2 ene the motion 1s 


(P+ a) + (gi sin a+ 4 oe cos 2a) J = 
3) 


dt? 

Now, if gl sin a+ 4@°l? cos 2a = n be positive when either of the 
two values of a is substituted, the corresponding position of equi- 
P+ he 


librium is stable, and the time of a small oscillation is 27 hee 


If n be negative the equilibrium is wnstable, and there can be 
no oscillation. If w?>3q/4l, there are two positions of equilibrium 
of the rod. It will be found by substitution that the position in 
which the rod is inclined to the vertical is stable, and the other 
position unstable. If w?<3g/4/ the only position in which the rod 
can rest is vertical, and this position is stable. 

If n = 0, the body is in a position of neutral equilibrium. To 
determine the small oscillations we must retain terms of an order 
higher than the first. By a known transformation we have 


aie eae 
wij — yt = 7 (P86). 


Hence the left-hand side of equation (3) becomes (J? + k?) 6. 
The right-hand side becomes by Taylor’s Theorem 


a (1 cos a— ; ol? sin 2a) a 9 + &e, 


e 


When n=0, we have a=4a and w?=3g/4l. Making the 
necessary substitutions, the terms of the second order vanish, and 


the equation of motion becomes (P+ he) a “ af o's 


Since the lowest power of @ on the right- a side is odd, 
and its coefficient negative, the equilibrium is stable for a displace- 
ment on either side of the position of equilibrium. Let a be the 
initial value of 6’, then the time 7’ of reaching the position of 


ee de 
0 Vee — 6 04” 


i sr) eee sat 7 
put 0’ =ad¢, then = We: ge a 


equilibrium is 


LN 
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Hence the time of reaching the position of equilibrium varies 
inversely as the arc. When the initial displacement is indefi- 
nitely small, the time becomes infinite. 


This definite integral may be otherwise expressed in terms of the Gamma 
dp _ {1 (4)}? 
oJ1-¢! 4/20 
451. This problem might have been easily solved by the 
first method. For, if the two perpendiculars to Ox, Oy at A and 
B meet in NV, N is the instantaneous axis. Taking moments 
about WV, we have the equation 


function. It may be easily shown that Put ¢4=2. 


+. oe 
(+12) 6 = gl cos 6—[ ot (I+ r)sin 6 cos 0S 
7 


= gl cos 6 — 4/?w? sin @ cos 0. 


If we represent the right-hand side of this equation by /(9), 
the position of equilibrium can be found from the equation f(a) =0 
and the time of oscillation from the equation 


By 1,2 4, _ af (a) / 
(P+ be) Ff =O gy 


452. Ex.1, If the mass of the rod AB is M, show that the magnitude of the 

couple which constrains the system to turn round Oy with uniform angular velocity 
2 

is M = re) a sin 20. Would the magnitude of this couple be altered if Ox or Oy 


had any mass? 


Ex. 2. The upper extremity of a uniform beam of length 2/ is constrained to 
slide on a smooth horizontal rod without inertia, and the lower along a smooth 
vertical rod, through the upper extremity of which the horizontal rod passes; the 
system rotates freely about the vertical rod, prove that if a be the inclination of the 
beam to the vertical when in a position of relative equilibrium, the angular velocity 


of the system will be (3g sec a/4l)2, and, if the beam be slightly displaced from this 
position, show that it will make a small oscillation in the time 7 where 


Je l 


In the example in the text the system is constrained to turn round the vertical 
with uniform angular velocity, but in this example the system rotates freely. The 
angular velocity about the vertical is therefore not constant, and its small variations 
must be found by the principle of angular momentum. 


2 
(F) me) (se¢a+3 cosa). [Coll. Exam. 


Lagrange’s Method of forming the Equations of Motion. 


453. Advantages of the Method. We now propose to 
state Lagrange’s method of forming the equations of motion. This 
method has several advantages. It gives us the equations of 
motion free from all reactions, and is therefore specially useful 
when we have to consider the motions of several bodies connected 
together. It also gives usa larger choice of quantities which we may 
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take as coordinates. Again, as soon as we have written down the 
Lagrangian function we may deduce from this one function all the 
equations of motion, instead of deriving each from a separate 
principle. On the other hand, this function must be calculated so 
as to include the squares of the small quantities. Now in small 
oscillations we retain only the first powers of the small quantities, 
so that, when only a few equations are wanted, it is often more 
convenient to obtain these by resolving and taking moments. 


It will be seen, therefore, that the method is best adapted to 
oscillations which have more than one degree of freedom. For 
this reason we shall here only state the general mode of forming 
the equations of motion, so that we may be able to apply 
the method to the solution of problems. But we shall postpone 
the general discussion of Lagrange’s determinant to the second 
part of this work. 


454. The object of Lagrange’s method is to determine the 
oscillations of a system about a position of equilibrium. It does 
not apply to oscillations about a state of steady motion. For 
example, if-a heavy particle were suspended by a string from a 
fixed point, the string is vertical when the system is in equi- 
librium, and the oscillations about this position could be found 
by Lagrange’s method. If however the particle were made to 
describe a horizontal circle, as in the conical pendulum, the 
oscillations about the circular steady motion could not be found 
by this method. In the same way when a hoop rolls on the 
ground in a vertical plane, it may make small oscillations from 
one side to the other of the plane. These oscillations cannot be 
found by Lagrange’s method. A method of investigating the 
oscillations of a system about a state of steady motion will be 
given in the next volume. 


We shall assume, for the present, that the forces which act on 
the system have a force function. We shall also assume that the 
geometrical equations do not contain the time explicitly, and do 
not contain any differential coefficient with regard to the time. 


In Lagrange’s method it is essential that the coordinates 
chosen should be such small quantities that we may reject all 
powers of them except the lowest which occur. They should 
generally be so chosen that they vanish in the position of equili- 
brium. But with this restriction they may be any whatever. Let 
us represent them by the letters 0, ¢, &c. Then if the system 
oscillate about the position of equilibrium, these quantities will be 
small throughout the motion. Let n be the number of these 
coordinates. 

As before, let accents denote differential coefficients with 
regard to the time. 


376 SMALL OSCILLATIONS [CHAP. IX 


Let 27" be the vis viva of the system when disturbed from its 
position of equilibrium, then as in Art. 396 we may express 7’ as 
a homogeneous quadratic function of 6’, ¢’, &c. of the form 


OT = A670 An O'ch Pada iia On eee (1). 


Here the coefficients Ay, &c. are all functions of 0, ¢, &c. and we 
may suppose them expanded in a series of some powers of these 
coordinates. If the oscillations are so small that we may reject 
all powers of the small quantities except the lowest which occur, 
we may reject all except the constant terms of these series. We 
shall therefore regard the coefficients Ay, &c. as constants. 


Let U be the force-function of the system when disturbed from 
the position of equilibrium. Then we may also expand U in a 
series of powers of 0, ¢, We. 


Let this expansion be 
2U=2U,+ 2B,0 + 2B,$ + &e. + By + 2B, 0p + &e. ...(2). 


Here U, is a constant, which is evidently the value of U 
when @, ¢, &c. are all zero. It is necessary for the suceess of 
Lagrange’s method that both these expansions should be possible. 


In the position of equilibrium, we must have, by the principle 
of virtual work, p= 7 0, &c.=0 (see also Art. 340). If 
the coordinates chosen are such that they vanish in the position 
of equilibrium, it immediately follows that B, = 0, B, =0, &c. = 0. 
If the coordinates have not been so chosen they must yet 
vanish for some position of the system close to the position of 
equilibrium. The differential coefficients of U, i.e. B,, B,, &c., are 
therefore necessarily small. The terms B,@, B,d, &c. are thus of 
the second order of small quantities and the quadratic terms of U 
cannot be neglected in comparison with them. 


We may also notice that the equilibrium values of 0, d, Wc. 
may be found beforehand by equating to zero the several first 
differential coefficients of u. But this is generally unnecessary, as 
these values of 0, ¢, &c. will appear in the sequel (see also 
Art. 449). 


We have now to substitute the expanded values of 7 and U 
in the n Lagrange’s equations 
ddl df dU 
did@ ~~ dO dO (3), 
with similar equations for ¢, ~, &c. Since the expression for 7 
does not contain 0, $, &., we have 
dT dT 


ag db 


0, &c. 
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The x equations (3) therefore become : 
Ay @"+ Ang’ +...=B, +B ,0+Budt... 
Ap O + Ang’ +... = Bo+ ByO+ Boh toi.) cco: (4). 
&e. = &e. 


These are Lagrange’s equations to determine the small oscillations 
of any system about a position of equilibrium. 


455. Method of Solution. We have now to solve these 
equations. We notice that they are all linear, and that therefore 
0, p, &c. are properly represented by a series of exponentials of the 
form Me. But, as we are seeking an oscillatory motion, it is 
more convenient to replace these exponentials by the correspond- 
ing trigonometrical expressions. Since the equations do not 
contain any differential coefficients of the first order, it will be 
found possible, on making the trial, to satisfy them by means of 
the following assumption. 


@=a+4 M,sin (pt +6) + VM, sin (p.t + &) + &e. 
¢= 8+ N, sin (p,t+ e) + Nsin (p.t + &) + We. ...(5). 
&e. = &e. 


Taking the trigonometrical terms separately, they may be written 
in the typical form 


0=Msin(pt+e), d=Nsin(pt+e), &.=ke. 
If we now substitute these in equations (4) we have 
(Anp? ar a) M+ (An?* + Bp) N+&c.=0 


(A,.p? + By) M+ (Anp? + By) N+ &e.=0) ...... (6). 
Xe. &e. =() 
Eliminating MV, VN, &c. we have the determinantal equation 
Ayp?+By, App? + By, &e. je phase amined Ch: 
A, p* + By, App? + By, Ke. 
&e. &e. &e. | 


This determinant, it will be observed, is symmetrical about the 
leading diagonal. If there be n coordinates, it is an equation of 
the n* degree to find p?. It will be shown in the second part of 
this work that all the values of p? are real. 

Taking any root positive or negative, the equations (6) 
determine the ratios of NV, P, &c. to M, and we notice that these 
ratios also are all real. If all the roots of the determinantal 
equation are positive, the equations (5) give the whole motion, 
with 2n arbitrary constants, viz. M,, M,, M;... My, and &, &... €n. 
These have to be determined by the initial values of @, ¢, &c., 0’, 
¢’, &c. If any root of the determinantal equation is negative, the 
corresponding sine will resume its exponential form, the coefficient 
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being rationalized by giving the coefficient M an imaginary form. 
In this case there is no oscillation about the position of equili- 
brium. The position is then said to be unstable. 


It may be noticed that for every positive value of p® given by 
the equation (7) there are two equal values of p with opposite 
signs. No attention however should be here given to the 
negative values of p. To prove this, we notice that the solution 
of the linear differential equations is properly represented by a 
series of exponentials. Now each sine is the sum of two ex- 
ponentials with indices of opposite signs. Both the values of p 
have therefore been included in the trigonometrical expressions 
assumed for 0, $, &e. 


The constants a, 8, &c. in the trial solution (5) are evidently 
the coordinates of the central position about which the system 
oscillates. Substituting these values of 0, ¢, &c. in the equations 


(4) we have 0=B,+B,4+ B,8 + &e. 
O=By+8.,44 B28 chy) setzes nate as (8). 
O= Ge: 


These equations determine the values of a, 8, &c. Since the 
equations of motion are satisfied by these constant values of the 
coordinates without any terms containing the time, it follows 
that «, B, &c. are the coordinates of the equilibrium position of 
the system. That this is so, follows also from the rules given in 
statics to find the position of equilibrium of a system when the 
function U is known. According to these rules, we find the equili- 
brium values of the coordinates 6, ¢, &c. by equating to zero the 
first differential coefficients of U with regard to 0, ¢, &c. The 
equations thus obtained are evidently the same as the equations (8). 


When a root (say p,”) of the determinantal equation (7) is zero, the correspond- 
ing terms in (5) reduce to constants. It also follows from (7) that the eliminant of 
the equations (8) is zero, so that either the equations (8) are not independent or 
the values of a, 6, &c. are not so small that their squares can be neglected. In the 
former case that part of the solution (5) which depends on the root p,2 takes another 
form. Putting 6=a+At, ¢=8+Bt, &c. we arrive at the same equations (8) as 
before, together with another set derived from (8) by writing 4, B, &c. for a, B, &c. 
and zero for B,, B,, &c. If the coordinates have been so chosen that in the 
expression for U, B,=0, B,=0, &c. these two sets of equations give d/a=B/B=&c. 
But whether this choice has been made or not, only 2n—2 of these 2n equations 
are in general independent and these determine 2n—2 of the constants a, B, &c. 
A, B, &., leaving two, say A and a, undetermined. The solution has therefore the 
full number of constants. 


Since the solution is properly expressed by a series of exponentials of the form 
Met where q?= — p?, the determinant (7) may be regarded as having two equal values 
ot p, when p,?=0 though it has only one value of p,?._ The theory of equal roots in 
differential equations leads at once to the forms given above for 0, ¢, &c. See also 
Art. 462. 
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456. Periods of Oscillation. We sce from (5) that each 
of the n coordinates 0, ¢, &. is expressed in a series of as many 
sines as there are separate values of p2. Thus, when there are 
several independent ways in which the system can move, there 
are as many periods of oscillation. These are clearly equal to 
277/p,, 277/p,, &e. Generally we want only these periods of oscillation 
and not the particular position occupied by the system at any 
instant. In such a case we may in any problem omit all the steps 
of the argument and write down the determinantal equation at 
once. We then use the following rule. Hupand the force-function 
U and the semi-mis viva T in ascending powers of the coordinates 
0, b, &e., and their differential coefficients 0’, $', &c., all powers 
above the second being rejected. Then, omatting the accents or dots 
in the expression for T and retaining only the quadratic term in U, 
equate to zero the discriminant of p?T'+U. The roots of the equa- 
tion thus formed will give the required values of p. 


The mode of using this rule in conjunction with the method of 
indeterminate multipliers is given in the second volume. 


457. Position of the system. If it be also required to find 
the position of the system at any time, we must determine the 
values of the constants. Referring to equations (6) we see that the 
ratios of M, N, P, ke. for any particular trigonometrical term 
in the solution (5) are the same as the ratios of the minors of the 
constituents of any line we please in the Lagrangian determinant 
(7). In these minors we of course substitute the value of p? which 
belongs to the particular trigonometrical term we are consider- 
ing. In this manner the coefficients of all the trigonometrical 
terms are found in terms of those which occur in the series for any 
one coordinate. ° 

The results may be symmetrically arranged in the following manner. Let 
I, (p), In (p), &e. I, (p) be the n minors of any one row or column of Lagrange’s 
determinant regarded as functions of p. The solution then becomes 

6=a+Ly1T, (pi) sin (pyt + ey) + Lo Ty (pe) sin (pot + €9) + &e., 

~=B4t Ly Ie (py) sin (py t+ ey) + Le Lo (pe) sin (pot + eg) + &e., 

y=y+ LI (pj) sin (pit + €1) + LeT3 (pe) sin (pot + €2) + &e., 

&e. = Ke., 

where Li, Lz, &c., L, are n arbitrary constants which represent the ratios of 
M, N, &c. to the corresponding minors. This solution requires some modification 
when either any value of p is zero or when all the minors in any column happen to 
be zero. These cases will be discussed in the second volume. 

The values of the 2n constants L;...L, and ¢...¢, must be found from the 
initial values of the n coordinates 0, ¢, &c. and the initial values of their velocities 
6’, ¢’, &c. To effect this we put L,, cose,=A, and L,, sine,,=B,,. Expanding 
the trigonometrical terms we have 2n linear equations to find the 2n constants 
A,... An, By... By. When n is large the solution of these 2n linear equations 
becomes very troublesome. In many cases however we may use the method of 
multipliers. 
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If the number of coordinates is large the Lagrangian determinant itself may 
become unmanageable. In some of these cases we can marshal the coordinates 
in such a way that we can use the calculus of finite differences. When the number 
of coordinates is infinite, as in the case of a vibrating string, the equation thus 
obtained takes the limiting form of a partial differential equation. Again, in other 
cases it may happen that, though only some of the roots of the Lagrangian 
equation are known, the corresponding coefficients in the solution can be found. 

Lagrange’s determinant gives the limiting values of the periods when the 
oscillations are infinitely small. It may be shown that the small terms neglected 
sometimes considerably modify the Lagrangian periods. An example of this occurs 
in the Lunar Theory. These and other similar points of difficulty are reserved for 
the second volume. 

It may be noticed that the determinant to find the periods of the oscillations 
does not contain B,, B,, &c., but only B,,, &., and 4,,, &e. Any changes which 
we may make in the values of B,, B,, &c., will therefore not affect the periods 
though they may alter the position of equilibrium. The addition or removal of any 
small constant forces will add terms of the first order to the force-function and 
therefore change the values of B,, B,, &c. It now follows that the addition or 
removal of any such constant forces will not alter the periods of oscillation. In the 
same way these changes do not affect the ratios of M, N, P, &c. though they may 
affect their absolute values. 


458. Examples of Lagrange’s Method. The following 
examples will show how we may use Lagrange’s method to find 
the small oscillations of a system. When only the periods are 
required, the process may be summed up thus:—form the terms 
of T’ and U which depend on the squares of small quantities, and 
equate to zero the discriminant of p?T + U. 


Ex. 1. A body, of mass m, is suspended from a fixed point O by a string OA of 
length J attached to a point A of the body, B is the centre of gravity and 4B=a. 
The body oscillates under gravity in a vertical plane; find the motion. 

Let 0, ¢ be the angles which the string OA and the radius AB make with the 
vertical. Proceeding as in Art. 147 we find that when the powers of 0, ¢ higher 
than the second are neglected 

T=m {0 + 2al6’¢' + (k2 +a”) ph, 
U=U, —41g (10? + a¢?). 
Forming the discriminant of p?7'+ U, and dividing by the common factor mi, 
pl—g, ap? —=O% 
alp”, p? (i? +a?) — ag | 
“. kK lpt—(al+ k? +a?) gp? +ag?=0. 
Taking the minors of the second row and representing the roots of the quadratic 
by Py”, Pe”, 
O= — L,ap,? sin (pt +) - La ap," sin (pyt+ey), 
p=Ly (pil —g) sin (py t+ €) + Le (pol —g) sin (pyt +e). 

If the roots of the determinantal equation were equal we might expect that the 
solution would take another form. Since the determinant is positive when p?= +0, 
and negative when p?=g/l, the roots are separated by the latter value of p*; the 
roots, if equal, are therefore given by p?=g/l. Since the determinantal equation is 
then not satisfied unless ap? is also zero, the roots cannot be equal unless a=0. 
If a=0, it is easy to see that the roots are not equal. 
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If the string is attached to the middle point of a uniform rod, we have a=0 
and k? finite. In this case one root of the Lagrangian determinant is zero, i.e, 
p.’=90, while the other root is p,2=g/l. Supposing that the position of the system 
is also required, we have 


T =m (1262+ k29’2), U= Uy —4mgl6?. 
The Lagrangian equations are therefore 
16” + g0=0, $”=0, 
-. 6=Lsin (p,t+e), ? o=B+Bt, 


where L, e, 8, B are the four arbitrary constants. The point A therefore oscillates 
as a simple pendulum while the rod turns round 4 with a uniform angular velocity. 


If the string is attached to the end of a rod, 3k2=a*. We may show that the 
ratio of the periods cannot lie between 2+,/3. 


Ex. 2, Two heavy particles, masses M and m, are tied to a string and suspended 
from a fixed point O, the lengths OM, Mm of the string being respectively a and b. 
If the particles make small transverse oscillations find the two periods of oscilla- 
tion, and show that they cannot be equal. Show also that one period is double 
the other if 4 (17+) (a+b)?=25Mab. 

It is sometimes important that the periods of a vibrating system should be 
commensurable so that the motion may continually repeat itself at an interval 
which is the least common multiple of the several periods, For example the 
system may be intended to mark time like a pendulum or to give a resultant note. 


Ex. 3. A particle can slide freely on a smooth circular wire which is suspended 
from a fixed point on its circumference. The system being in equilibrium under 
the action of gravity a small velocity is communicated to the particle in the 
direction of a tangent to the circle, investigate the resulting small oscillations and 
show that the periods are given by 
a LAS) m+M /g ory 

2M a 2M \a 
where m, M are the masses of the particle and circle and a the radius. Show also 
how the constants of integration are to be determined. 


— 


Ex. 4. A smooth thin shell of mass M and radius a rests on a smooth inclined 
plane by means of an elastic string, which is attached to the sphere, and to a peg at 
the same distance from the plane as the centre of the sphere, whilea particle of mass 
m rests on the inner surface of the shell. In the position of equilibrium the string 
is parallel to the plane, find the times of oscillation of the system when it is 
slightly displaced in a vertical plane, and prove that the arc traversed by the 
particle and the distance traversed by the centre of the shell from their positions of 
equilibrium can always be equal if (I/+m-+m cosa) gl=Ka(1+cosa), where H is 
the coefficient of elasticity of the string, J its natural length, and a the inclination 
of the plane to the horizon. [Caius Coll. 


Ex. 5. A three-legged table is made by supporting a heavy triangular lamina 
on three equal legs, the points of support being the angular points of the lamina; 
if the legs be equally compressible and their weights be neglected, then the system 
of co-existent oscillations of the top consist of one vertical oscillation and two 
angular oscillations about two axes at right angles in its plane, and the periods 
of the latter are equal and double that of the former. [St John’s Coll. 1880. 


Ex. 6. A bar AB of mass m and length 2a is hung by two equal elastic cords 
AC, BD, which have no sensible mass, and have unstretched lengths). C and D 
are fixed points in the same horizontal line, and CD=2a. Investigate the small 
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oscillation of the bar when it is displaced from its position of equilibrium in the 
vertical plane through CD, and show that the periodic times of the horizontal and 
vertical oscillations of the centre of gravity of the bar, and of the rotational oscilla- 
tion, are those of pendulumis of lengths 1, 1-1), 4 (¥—1)) respectively, where J is the 
length of either cord when the system is in equilibrium. [Math. Tripos. 


Ex. 7. Three equal particles mutually attracting each other according to the 
Newtonian law are constrained to move like beads along the smooth sides of an 
equilateral triangle. In equilibrium they occupy the middle points of the sides. 
Prove that the equilibrium is unstable unless the initial displacements and the initial 
velocities are equal, and in this latter case find the time of a small oscillation. 


Ex. 8. Three equal particles, attracting each other with equal forces which are 
constant at all distances, can slide freely on three equal non-intersecting circles 
(radius 7) whose centres are at the corners 4, B, C of an equilateral triangle, and 
which lie in the plane of the triangle. Show that, if the particles perform small 
oscillations about their positions of equilibrium, two periods are equal to 27/p, and 
a third to 27/p’, where pate es , praise x ue is the radius of the 
circle circumscribing ABC, and F is the ratio of the force of attraction between any 
two to the mass of either. 


Ex. 9. A heavy body whose centre of gravity is H is suspended from a fixed 
point O. A second body whose centre of gravity is G is attached to the first at 
some point A situated in OH produced. The system oscillates freely in a vertical 
plane, prove that the quadratic giving the periods is 

{ (MK? + ma?) p? — (Mh+ma) g} {k*p? — bgt =ma?b*pt, 

where MK? and mk? are the moments of inertia of the two bodies about O and 4 
respectively. Also OH=h, OA=a, AG=b. What do these periods become when 
(1) the upper body, and (2) the lower, is reduced to a short pendulum of slight mass? 
The first case occurs when the attachment of a pendulum to its point of support is 
not quite rigid, so that the pendulum may be regarded as supported by a short 
string. The second case occurs when a small part of the mass of a pendulum is 
loose and swings to and fro at each oscillation. 


Ex. 10. A uniform circular disc of mass M and radius a is held in equilibrium 
on a smooth horizontal plane by three equal elastic strings of modulus X, natural 
length /) and stretched length /. The strings are attached to the disc at the extremities 
of three radii equally inclined to one another and their other ends are attached to 
points of the plane lying on the radii produced. Show that the periods of vibration 


, a eA - 
of the dise are 27 oe i, and 27 Re (a+) d-%) where “= 2mll,/3n. 
[Math. Tripos, 1898. 


459. Principal Coordinates. To explain what is meant 
by the principal coordinates of a dynamical system. 


When we have two homogeneous quadratic functions of any 
number of variables, one of which is essentially positive for all 
values of the variables, it is known that by a real linear trans- 
formation of the variables we may clear both expressions of the 
terms containing the products of the variables, and also make the 
coefficients of the squares in the positive function each equal to 
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unity or some given positive constants. If the coordinates 6, ¢, 
&c. be changed into & 7», &e. by the equations 


0 =r, E +r + &e. 


D = pe E + pap + Ge. > cc eceicecscseveseses (9), 
&e. = &e. 


we observe that 0’, ¢’, &c. are changed into &’, 7’, &e. by the 
same transformation. Also the vis viva is essentially positive. 
Hence we infer that by a proper choice of new coordinates, we 
may express the vis viva and the force-function in the forms 


27 = AyE? + Agn’?+ Ago? +... 
2(U — U,) = 26, + 2b. + &e. + by E2 + boon? +...5° 


These new coordinates & 7, &c. are called principal coordinates 
of the dynamical system. A great variety of other names has 
been given to these coordinates; such as harmonic, simple and 
normal coordinates. Usually Ay, A», &c. are made unity. 


It is usually understood (when not otherwise stated) that prin- 
cipal coordinates are so chosen that they vanish in the position 
of equilibrium. We then have b,=0, b,=0, &.=0. 


460. When a dynamical system is referred to principal co- 
ordinates which do not necessarily vanish in the position of 
equilibrium, Lagrange’s equations take the form 

An&” a bn& =b,, Ayn” —byn=b,, &e.= &c., 
so that the whole motion is given by 
E=a+Fsin(p,t+e) g=b4+F sin (pt+e), &e., 
where H, F, &c., &, &, &c. are arbitrary constants to be deter- 
mined by the initial conditions, and Ay p?=— by, A»p=— by, &e. 
and a, b, &c. are the values of &, 7, &c. in equilibrium. 

If we substitute the trigonometrical values of &, 7, &c. in 
the formulze of transformation given above, we obviously reproduce 
the equations (5) of Art. 455, where the general coordinates @, ¢, &c. 
are expressed as trigonometrical functions of ¢ We may therefore 
obtain one set of principal coordinates, viz. &, m, &c, which 
vanish in the position of equilibrium, by writing 

6=a4+M,é,+ Mom 4+... 
Di Ste ee Nati very) case <reseceb are (10), 
&e. = &e. 
where the values of a, B, &c., M,, M., &e., Ni, N., &. may be 
found by the methods explained in Art. 455. All other sets of 
principal coordinates may be found from these by taking 
F=a+ He, n=b+ Fm, &e. 

When the initial conditions are such that throughout the 
motion all the principal coordinates are constant except one, the 
system is said to be performing a principal or harmonic oscillation. 


384 SMALL OSCILLATIONS [CHAP. IX 


It performs a compound oscillation when any two or more are 
variable. We may therefore say that any possible oscillation of the 
system about a position of equilibrium is analysed by Lagrange’s 
_ method into its simple or component oscillations. 

From this reasoning we infer the important theorem that 2f 
the equilibrium of a system is stable for the principal oscillations at 
is stable for all oscillations. 

The theorem that the general oscillations of a system may 
be resolved into certain primary oscillations which can have a 
simultaneous existence is sometimes called the principle of the 
co-existence of small oscillations. 


461. It is clearly important to determine the peculiarities 
of a principal oscillation by which it can be recognized apart from 
all mathematical symbols. 


The physical peculiarities of a principal oscillation are : 


1. The motion recurs at constant intervals, 1e. after one of 
these intervals the system occupies the same position in space as 
before, and is moving in exactly the same way. 


2. The system passes through the position of equilibrium, 
twice in each complete oscillation. For, taking & as the variable co- 
ordinate, we see that &— a vanishes twice while p,t increases by 27. 


3. The velocity of every particle of the system becomes zero 
at the same instant, and this occurs twice in every complete 
oscillation. For d&/dt vanishes twice while p,t increases by 2c. 
The positions of rest may be called the extreme positions of the 
oscillation. 


4. Let the system be referred to any coordinates 0, ¢, &c. 
whose equilibrium values are (as before) a, 8, &. When the 
system is performing a principal oscillation these are all variable, 
but the ratios of @—a, ¢—£, W&c. to each other are constant 
throughout the motion*. For, referring to the formule of trans- 
formation (10), we see that, when , ¢,, &c. are all zero and only &, 


is variable, @-a g-8 
M, — N, = &e. — Eis 
This theorem may be expressed by saying that every point of the 
system is in the same phase of motion. 
The periods of oscillation may all have a least common multiple. 
If this be so, no matter what initial small disturbance is given to 
the system, the initial state will be repeated over and over again 
at intervals equal to the least common multiple. If on the 
other hand no two of the periods of oscillation are commensurable, 
the initial state can recur only when the system is performing a 


* This property is mentioned by Lagrange, who on several occasions uses 
principal coordinates, though not by name, 
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principal oscillation. Thus there are two kinds of oscillatory 
systems, those in which the motion continually recurs at a 
constant interval however the body is set in motion and those 
in which this happens only when the initial impulse is properly 
given. This may be one reason why some bodies are more sonorous 
than others, for if the interval is so short that the sound made 
in the air is a musical note, that body when struck at random 
gives a resultant note instead of an assembly of separate notes. 


As an illustration of the method of finding the principal oscillations let us refer 
to the example (1) already solved in Art. 458, There are two principal oscillations, 
which are given respectively by 

6,= — L, ap;* sin (pyt+e) 62= — Ly ape? sin ( p2t + €2) 

$1 = Ly (p,?l— g) sin (p, t+ €)) $o= Ly (po? l—g) sin (pyt + €2) ; 
Thus in each principal oscillation both the string and the body oscillate. If we saw 
the system performing either of these oscillations we should recognize the fact by 
observing that both the string OA and the radius AB become vertical at the same 
instant, that both reach their extreme positions at the same instant, and so on. 


Ex. 1. A series of n heavy particles are attached at the points A, B, &c. of a 
light string and the whole is suspended from a fixed point O. When the system is 
performing a principal oscillation, each portion of the string (produced if necessary) 
intersects the vertical through O in a point which is fixed throughout the motion. 

[Kelvin’s theorem. Popular lectures &c., 1867. 

Let 0, ¢, y, &c. be the inclinations of the strings OA, AB, &c. to the vertical; 
OA=a, AB=b, &. Consider the motion of any point P of one of the strings say BC 
and let BP=z. The distance of P from the vertical through O is z=a0+b¢+2y. 

In a principal oscillation 0, ¢, y have constant ratios to each other; hence if z 
be so chosen that «=0 at one instant, it is always zero. 

The theorem is also true if OA, AB, &c. were rods hinged together, or any rigid 
bodies connected together in the manner described 
in Ex. 9, Art. 458. 

Let us apply this theory to the example (1) 
already considered in Art. 458. Let KE be the 
fixed point in the radius AB, z its distance from 
A measured positively towards B, then 10+2p=0. 
Substituting for 0/p the ratio of the minors of the 
second row of Lagrange’s determinant we have 

1. ap? z (tp? g)=0. (1) (2) 
This determines the value of z corresponding to the two periods p?=p,?, p?=py?. 
The two principal oscillations are exhibited in the figure, z=AWH being negative in 
fig. (1) and positive in fig. (2). The actual oscillation is constructed by the super- 
position of these two kinds of motion. 


O 


It is interesting to notice the way in which one principal oscillation disappears 
when either the length J of the string or the linear dimensions a of the body 
diminishes without limit. Referring to Lagrange’s determinant we see that in both 
cases one value of p? is very great so that the period of the disappearing oscillation 
is very short. The visible motion is therefore reduced to a harmonic oscillation 
performed in the finite time given by the other value of p? together with a tremulous 
motion. The values of Ip? and ap given by the Lagrangian determinant, when / and a 
vanish respectively, and p? is infinite, are ultimately (k?+ a7) g/k? and a%g/k?. The 
corresponding values of z are the positive quantity (k?+a”)/a and zero. The 


RB. D- 25 
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disappearing oscillation is that represented in fig. (2); the points O and 2 are fixed, 
and the extent of the tremulous motion is geomietrically more and more limited as 
either OA or AE becomes evanescent. In the oscillation which does not disappear 
E ultimately coincides with O. 

Ex. 2. In the experiments conducted by Borda, Cassini, Arago and Biot to 
determine the length of the seconds’ pendulum by observing the time of oscillation 
of a sphere supported by a wire, it has always been supposed that the diameter of 
the sphere, which in the position of rest was vertical, continues during the whole 
vibration to be in the same straight line as the wire. Show that the value of the 
seconds’ pendulum thus found is too short by k4/al? of itself; where a is the radius 
of the ball, & the radius of gyration about a diameter and 7 the length of the string. 
In the experiments the ball used was so small that this correction is insensible. 

[Airy, Camb. Trans, vol. iii. 1829. 

In these experiments it is almost impossible to avoid giving the sphere a slight 
spin about the diameter which in equilibrium is vertical. Treating the sphere and 
the supporting wire as a rigid body, rotating with an angular velocity n about the 
wire, we see by Art. 268 that the time of oscillation of such a system is 27/ ("1 — Ma). 
Substituting the values of 4, uw, given in that article and writing — g for g we easily 
see that the length of the pendulum as observed is too long by a4n?/25gl* of itself 
very nearly. This result agrees with that given by Poisson in the Connatssance des 
Tems 1816. This correction also is insensible. 

Ex. 3. If (0,, $1), (02, ¢2) ave the two values of 6, ¢ for two principal 
oscillations, prove that in example (1) of Art. 458, 10;0.= —ad¢,¢2. If two equal 
particles A, B are suspended by a string from a fixed point O, prove also that 
240) 02= —b¢1¢2, where OA=a, AB=b. These relations between the principal 
oscillations are special cases given by the method of Multipliers, vol. ii., Art. 398. 


462. Equal Roots in Lagrange’s Determinant. When 
some of the roots of the equation giving p? are equal, we know by 
the theory of linear differential equations that either (1) terms 
of the form (At+ B)sin pt enter into the values of 6, d, &c., or 
(2) there must be an indeterminateness in the coefficients M, N, &e. 
given by Art. 455. Referring the system to principal coordinates, 
which vanish in the position of equilibrium, we see by Art. 460, 
that the first alternative is in general excluded. If two values of 
p® are equal, say 6,, and by, the trigonometrical expressions for & 
and 7» have equal periods, but terms which contain ¢ as a factor do 
not make their appearance. The physical peculiarity of this case 
ws that the system has more than one set of principal or harmonic 
oscillations. For it is clear that, without introducing any terms 
containing the products of the coordinates into the expressions 
for T’ or U, we may change &, 7 into any other coordinates &, m,, 
which make £ + 7? = &?+ 7,7, the other coordinates ¢, &c. remain- 
ing unchanged. For example we may put €=£,cosa+7, sina 
and = &,sina+,cos a, where a has any value we please. These 
new quantities &, ,, € &c, are evidently principal coordinates, 
according to the definition of Art. 459. 


One important case must however be noticed, viz., when one 
or more of the values of p are zero. If, for example, b, = 0, we 
have €=At+B, where A and B are two undetermined constants. 
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The physical peculiarity of this case is that the position of 
equilibrium from which the system is disturbed is not solitary. 
To show this, we remark that the equations giving the position 


Eo 0, = 0, &c., where U has the value 


2(U— Dy) = by & + dyn? +... 


These in general require that & 7, &c. should all vanish, but if 
b, =0 they are satisfied whatever & may be, provided that , £, &e. 
are zero. In any case however £ must be very small, because the 
cubes of & 7, &c. have been rejected. It follows therefore that 
there are other positions of equlibrium in the immediate neigh- 
bourhood of the given position. Unless the initial conditions of 
disturbance are such as to make the terms of the form At+B 
zero, it may be necessary to examine the terms of higher orders 
to obtain an approximation to the motion. 


of equilibrium are 


This line of argument requires that the equations of motion should be of the 
Lagrangian form. In other cases the existence of equal roots in the fundamental 
determinant may introduce powers of the time outside the trigonometrical expressions. 
As the motion is greatly changed by the introduction of these terms, it is important 
to have a criterion to determine beforehand whether they are present or not. The 
general conditions that all powers of the time are absent from the solution of a 
system of linear differential equations are given in vol. ii., Art. 281. 


Ex.1. A heavy particle of mass m rests in equilibrium within a right circular 
smooth fixed cylinder whose generating lines are horizontal. If the particle be 
disturbed, form Lagrange’s equations of motion, and show that in their solution 
there may be terms of the form At+ B. 

Ex. 2. A rough thin cylinder of mass m and radius b is free to roll inside 
another thin cylinder of mass M and radius a. The whole system is placed in 
equilibrium on a smooth horizontal plane. A small disturbance being given, show 


M : 
that the three values of p? are p?=0, p?=0 and Pas —£. Interpret this 


result. If « be the space rolled over, ¢ the angle turned through by the outer 
cylinder, and @ the inclination to the vertical of the plane containing the axes, show 
that all three coordinates have a common periodic term, while x and ¢ each have 
additional independent terms of the form At+ B. 

How would the results be altered if the horizontal plane were perfectly rough ? 


463. Initial Motions. We may also use Lagrange’s method 
to find the initial motion of any system as it starts from a 
position of rest. See Art. 199. As before we must choose for 
our coordinates some quantities whose higher powers can be 
rejected. It is generally convenient to choose them so that they 
vanish in the initial position. As in Art. 454 we have 

27 = A, 02+ 24,06 + Anf?+ &e., 
where A,,, &c. are functions of 6, ¢, &c. Since the system starts 
from rest, 0, $, &c. are in the beginning of the motion all small 
quantities. If we reject all powers of @, ¢, &. except the 
25—2 
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lowest which occur, we may regard A,, &. as constants whose 
values are found by substituting for 0, ¢, &c. their initial values. 
We require also the expansion of U given in the same 
article, viz., 2(U — U,) = 2B,6 + 2B,.¢ + &e. 
Since the initial position of the system is not close to a position 
of equilibrium, the first differential coefficients of U with regard 
to 0, , &c. are not small. The terms B,0, B.¢, &c. are not now 
small quantities of the second order and hence it is unnecessary 
to retain the quadratic terms of U. Proceeding exactly as in 
Art. 454 the equations of motion are 


Ay, 0" + Apo" +...=B, 
AisO Ap Asa OP hee read eee eee ee (1). 
&c. = &e. 
From these we may deduce the initial values of 0”, 6”, &c. 


If z, y, z be the Cartesian coordinates of any point P of the 
system, we may, by the geometry of the question, express these as 
functions of 6, ¢, &c., Art. 396. Thus suppose that =/(@, ¢, &c.), 
then we have initially, since 6’, ¢’ are zero, 


vn Uf pv, Of ay 
x =e ida + &e., 
with similar expressions for y and z. The quantities x”, y”, 2” are 
evidently proportional to the direction cosines of the initial direc- 
tion of motion of the point P. In this way the initial direction 
of motion of every point of the system may be found. 


464. Initial Radius of Curvature. As explained in Art. 200, we sometimes 
want more than the initial direction of motion of any point P of the system. 
Suppose that we also want the initial radius of curvature of the path of P. We 
must find the values of 2’, «’”, &c., and then substitute in any of the formule 
given in Art. 200. If, as before, x=f(0, $, &c.) we find by differentiation that 
initially a" =f," +f 0" a Poser 

al" =f ,00, +h,0" + au 

BV=3 (F407? + fy 0'p" + noo) aU the" isa 
where suffixes as usual indicate partial differential coefficients with respect to 
6, ¢, &c. If y=F (4, ¢, &.) there are of course similar expressions for y’’, &c., 
and in three dimensions for 2”, &c. 

If the point P be so situated that for every possible motion of the system it can 
begin to move only in some one direction, we take the axis of x perpendicular 
to that direction. We then have «”=0 for all initial variations of 0, ¢, &c. It 
follows that /,=0, Sg =9% &e.=0. Hence x’”’=0, and the value of xiv depends only 
on 6”, ¢”, &c., and not on 6", giv, &e. It is therefore unnecessary to differentiate 
the dynamical equations (1) to find these higher differential coefficients. The axis of 
y being parallel to the initial direction of the motion of P, the value of y" is finite. 
Hence, taking the formula at the end of Art. 200, we find that the initial radius of 
curvature p of the path of P is given by 

(F99" + Fue" +...)? 

S998? + gg OG" +...” 


p 
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465. ‘To simplify matters, let us suppose that the system has two coordinates 
4, p and that the initial radius of curvature of the path described by the point 
x=f (9, >), y=F (4, $) is required, the system starting from rest. 


Let 2M ES NG REPUB OBIS GOBER ann soo noseinoconpawreentononcee (1), 
where 4, B, C are given functions of 0, ¢. The Lagrangian equations are 
Prods pre: ly 
ay (40 + BY!) —4 7, (40+ 2B0" $+ 0p?) = 
Se 2). 
d / / d 2 / dU ( 
ag (BO LD re 07 + 2B6'p' + Cp”) = a 


Putting 6’=0, ¢’=0, these reduce to 
Ad” + Bo" =U,, BO" +Cp"= UP arspeneecocuc tertasc.: (3), 
which give the initial values of 6”, ¢’”. To find the initial values of 6’”, $’” we 


differentiate (2) with regard tot and put 6’=0, ¢’=0. We obviously have 0’”=0, 
~'’=0. To find 6%, piv we differentiate (2) twice. Noticing that when 6’=0, ¢’=0, 


d?P ad d 
= 6” Cbd 
dt? ( dé ae a) s 


a i “a “a 
7p (20) = 0" P +30 ("5 te ag) ; 


qd? 
a (Po? + Q6'¢' + Ro”) =2 (P02 4 Q0"p" + Re”), 


where P, Q, R are any functions of 0, ¢, we easily find 
APY BOW, SBOW- Gg My. nencsenceeunescaneei ere (4). 
If ZS —VA OAS) BO UOMO Diamante tscettieslesnaer ae (5), 
we obtain L, M in the symmetrical forms 


d d 
oa(o Zora) 2-020) vot 


ee Fe d dU ar. aT, sais aieaybielaiejejs tis/ajela'e ’ 
Une (0 a Pye 5) oe ze wit +2 dé 


where the differentiations with regard to 0, ¢ are partial and do not operate on 
6”, ¢”. Effecting the differentiations we have also 


CU aU LA 1B 
i 6"! 4- d g"' 2G, ¢ gl/2 — (34 dA +m) Oe (s dB 3) ¢"”, 


de? dédp dé dp dp dé 
Gm aU red P dAN of. dC, BN cee 
M= pag’ * ag? ® ( do ie)? (3 at Vig)? Pantie 


These values of L, M contain only the first differential coefficients of A, B, C 
with regard to 0, ¢, and after these differentiations have been effected, 0, ¢ are to 
have their initial values 0), ¢). It follows that to find the initial values of 0%, $'", 
we may expand the vis viva 2T' in powers of the small quantities 0—-%, $— $o (before 
substituting in the Lagrangian equations (2)), and that we need only retain the first 
powers of these quantities. Since however second differential coefficients of U occur 
we must calculate U to the second power of the small quantities. By expanding 7 
and U in powers of these small quantities the amount of algebra in the solution is 
generally much shortened, especially when we know beforehand how many powers 
we are to retain; see Art. 200. 


To find the radius of curvature we use the formula 
B(a"tey’ 9h 


5 ff OP SE” sn ocongnbadoanencanonsoose™ (8). 
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Now aw" =f,0" +h,6", 

v=3 (So? ap 2ho40"P" +h gg?) +f46% +40"; 

with similar expressions for y” and yiv. We therefore have 
Toh | (0p — $6"), 
Fy, Fy 
Feo at 2fo40'b" st Fg? F949” a9 fe” 
Fgh"? + 20 0b" + Fy, Hyd" + F yp" 
Also we have by (8) and (4), 
(AC — BY) (6G — pO") = Ug M — gL «.rerererseseservenes (10). 

The equations (8), (9) and (10) determine the radius of curvature p in terms of 


the initial values of the accelerations 6”, ¢”. These are determined by solving the 
equations (3) which do not require the Lagrangian equations to be differentiated. 


xy oe wiv = 


= 


If the point P is so situated that for every motion of the system it can begin to 
move only in some one direction the Jacobian of f, F with regard to 0, @ is zero. 
The first term of the equation (9) is then absent and the determination of the radius 
of curvature does not require the previous discovery of 6'", gi’. 


466. Examples of Initial Motion. Ex.1. A smooth plane of mass MW is freely 
moveable about a horizontal axis lying within it and passing through its centre of 
gravity, the radius of gyration of the plane about the axis being k. The plane being 
inclined at an angle a to the horizon, a sphere of mass m is placed gently on it. If 
initially the centre of the sphere be in a vertical through the axis of the plane, and 
if h be its initial height above that axis, show that the angle ¢ which the initial 
direction of motion of the centre makes with the vertical is given by 

(Mk? + mh?) tan p= Mk? cot a. [Math. Tripos, 1879. 

Ex. 2. n rods of lengths a, a2... a, are jointed together in one straight line 

and being at rest have initial angular accelerations w,, wg... w, inone plane. If one 


end be fixed, prove that the initial radius of curvature of the path of the free end 
(aw)? 


is Saet’ [St John’s Coll. 1881. 


Ex. 3. BC is a diameter of a sphere, and rods AB, CD are jointed at B and C 
each equal in length to BC. A being fixed, the system is held so that ABCD isa 
horizontal straight line, and then let fall. If the mass of each rod be equal to 
that of the sphere, the initial radius of curvature of the path of D is 332A B. 

[St John’s Coll. 1881. 

Ex. 4, A mass M rests on a smooth table, a string tied to it passes through a 
hole in the table and supports a mass m at the other end. If m be released from 
rest in such a position that its polar coordinates are r, 6 when referred to the hole 
as origin and the vertical as initial line, prove that initially 


(M+m)r” =mg cos 6, ro” = —g sin 6, 
(M +m) rr'v = 38mg? sin? 6, r26' = g2 sin 6 cos 6 (M+ 6m)/(M+m), 
and find the initial radius of curvature of the path. (Coll. Hx. 1896. 


The initial radius of curvature follows at once by substituting these values of 
r’, &. in the polar formula given in Art. 200. 


The Energy test of Stability. 


467. Stability of equilibrium. The principle of the Con- 
servation of Energy may be conveniently used in some cases to 


determine whether a system of bodies at rest is in stable or 
unstable equilibrium. 
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Let the system be in equilibrium in any position, and let V, be 
the potential energy of the forces in this position. Let the system 
be displaced into any initial position very near the position of 
equilibrium and be started with any very small initial kinetic 
energy 7’, and let V, be the potential energy of the forces in this 
position. At any subsequent time let 7’ and V be the kinetic and 
potential energies. Then by the principle of energy 


(Pe PS Tp aie ee eee mny 


Let V be an absolute minimum in the position of equilibrium, 
so that V is greater than V, for all neighbouring positions. The 
initial disturbed position being included amongst these, it follows 
that V,—V, is asmall positive quantity. Now the kinetic energy 
T is necessarily a positive quantity, and since V is > V,, the 
equation (1) shows that 7 is< 7,+V,—V,. Thus throughout the 
subsequent motion the vis viva lies between zero and a small 
positive quantity, and therefore the motion of the system can 
never be great. 


Also, since 7’ is necessarily positive, the system can never 
deviate so far from the position of equilibrium as to make V 
greater than 7,+ V,. These two results may be stated thus :— 


If a system be in equilibrium in a position in which the potential 
energy of the forces is a minimum, or the work a maximum, for all 
displacements, then the system vf slightly displaced will never acquire 
any large amount of ms viva, and will never deviate far from the 
position of equlibrium. The equilibrium is then said to be stable. 

It will be shown in vol. 1. that this reasoning may in certain cases be extended 
to determine whether a given state of motion as well as a given state of equilibrium 
is stable. See also the Treatise on the Stability of Motion, Chap. vi., 1877. 


468. If the potential energy be an absolute maximum in the 
position of equilibrium, V is less than V, for all neighbouring 
positions. By the same reasoning we see that 7’ is always greater 
than 7,+ V,—V,, and the system cannot approach so near the 
position of equilibrium as to make V greater than 7,+V,. So 
far therefore as the equation of vis viva is concerned, there is 
nothing to prevent the system from departing widely from the 
position of equilibrium. To determine this point we must examine 
the other equations of motion*. 


* This demonstration is twice given by Lagrange in his Mécanique Analytique. 
In the form in which it appears in the first part of that work, V is expanded in 
powers of the coordinates, which are supposed very small; but in Section vi. of 
the second part this expansion is no longer used, and the proof appears almost 
exactly as it is given in this treatise up to the asterisk. The demonstration in 
the next article is simplified from that of Lagrange by the use of principal co- 
ordinates. A proof has also been given by M. Lejeune-Dirichlet in Crelle’s Journal, 
vol. xxx11., 1846, and in Liouville’s Journal, vol. x11., 1847. Another proof is given 
in Art. 214 of the author’s Statics. 
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If any principal oscillation can exist, let the system be placed 
at rest in an extreme position of that oscillation, then the system 
will describe the complete oscillation and will therefore pass 
through the position of equilibrium. But, if 7, be zero, V can 
never exceed V,, and can therefore never become equal to. Vig 
Hence the system cannot pass through the position of equilibrium. 


It is unnecessary to pursue this line of reasoning further, for 
the argument will be made clearer in the next article. 


469. We may also deduce the test of stability from the equa- 
tions which determine the small oscillations of a system about a 
position of equilibrium. Let the system be referred to its prin- 
cipal coordinates, and let these be 0, ¢, &. Then we have 


DT OF eh nieaincaen 
2(U — U,) = by @ + bad? + .....22.. 
where b,,, bw», &c. are constants, and U, is the value of U in the 


position of equilibrium. Taking as a type any one of Lagrange’s 
equations 


ddl dT a 
dtd’ d@ dé’ 
we have 6” —b,0=0, 


with similar equations for ¢, w, &c. If b, is positive, this equa- 
tion gives @ in terms of real exponentials, and the equilibrium 
is unstable for all disturbances which affect 0, except such as 
make the coefficient of the term containing the positive exponent 
vanish. If by, is negative, 0 is expressed by a trigonometrical 
term, and the equilibrium is stable for all disturbances which 
affect @ only. In this demonstration the values of by, by», &c. are 
supposed not to be zero. 


If in the position of equilibrium U is a maximum for all 
possible displacements of the system, we must have 6, db», &e. all 
negative. Whatever disturbance is given to the system, it will 
oscillate about the position of equilibrium, and that position is 
then stable. If U is a maximum for some displacements and a 
minimum for others, some of the coefficients b,,, bj., &c. will be 
uegative and some positive. In this case if the system be dis- 
turbed in some directions, it will oscillate about the position of 
equilibrium ; if disturbed in other directions, it may deviate more 
and more from the position of equilibrium. The equilibrium is 
therefore stable for all disturbances in certain directions, and un- 
stable for disturbances in other directions. If U is a minimum 
in the position of equilibrium for all displacements, the coefficients 
by, be, &e, are all positive, and the equilibrium is then unstable 
for displacements in all directions. Briefly, we may sum up the 
results thus :— 
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Lhe system will oscillate about the position of equilibrium for 
all disturbunces if the potential energy is a minimum for all dis- 
placements. It will oscillate for some disturbances and not for 
others if the potential energy, though stationary, is neither a maai- 
mum nor a minmum. It will not oscillate for any disturbance if 
the potential energy is a maximum for all displacements. 


It appears from this theorem that the stability or instability of 
a position of equilibrium depends, not on the inertia of the system, 
but only on the force function. The rule is, give the system 
a sufficient number of small arbitrary displacements, so that all 
possible displacements may be compounded of these. By examining 
the work done by the forces in these displacements we can deter- 
mine whether the potential energy is a maximum or minimum 
or neither. 


We have assumed in this proof that when U is expanded in powers of 0, ¢, &c. 
the lowest powers which do not vanish are the second. This is not necessarily 
true, for U may be a maximum or minimum when @, ¢, &c. vanish, provided the 
lowest powers which do not vanish are of an even order, and are also such as to keep 
one sign for all values of 0, ¢, &e. This imperfection does not exist in the proof 
given in Art. 467. 

Ex. 1. A perfectly free particle is in equilibrium under the attraction of any 
number of fixed bodies. Show that, if the law of attraction be the inverse square, 
the equilibrium is unstable. [Harnshaw’s Theorem. Camb. Trans. 1839.] 

Let O be the position of equilibrium, Oz, Oy, Oz any three rectangular axes, 
ae eV dey; 
daz? "= Gyz? 9383= Ga 
the sum of these is zero, b,,, bg., b33 cannot all have the same sign. 


then if V be the potential of the bodies, b,,= But, since 


Ex. 2. Hence, show that, if any number of particles mutually repelling each 
other be contained in a vessel, and be in equilibrium, the equilibrium will be 
unstable unless they all lie on the containing surface. [Sir W. Thomson, now 
Lord Kelvin, Camb. Math. Journal, 1845. Reprint, vur., p. 100.] 


470. The Cavendish Experiment. As an example of the 
mode in which the theory of small oscillations may be used as 
a means of discovery we have selected the Cavendish Experiment. 
The object of this experiment is to compare the mass of the 
earth with that of some given body. The plan of effecting this 
by means of a torsion-rod was first suggested by the Rev. John 
Michell. As he died before he had time to enter on the experi- 
ments, his plan was taken up by Mr Cavendish, who published 
the result of his labours in the Phil. Trans. for 1798. His 
experiments being few in number, it was thought proper to 
have a new determination. Accordingly, in 1837 a grant of £500 
was obtained from the Government to defray the expenses of 
the experiments. The theory and the analytical formule were 
supplied by Sir G. Airy, while the arrangement of the plan of 
operation and the task of making the experiments were under- 
taken by Mr Baily. Mr Baily made upwards of two thousand 
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experiments with balls of different weights and sizes, and sus- 
pended in a variety of ways, a full account of which is given in the 
Memoirs of the Astronomical Society, Vol. xtv. The experiments 
were, in general, conducted in the following manner. 


471. Two small equal balls are attached to the extremities 
of a fine rod called the torsion-rod, and the rod itself is sus- 
pended by a string fixed to its middle pomt C. Two large 
spherical masses A, B are fastened on the ends of a plank 
which can turn freely about its middle point 0. The point O is 
vertically under C and so placed that the four centres of gravity 
of the four balls are in one horizontal plane. 


Firstly, suppose the plank to be placed at right angles to the 
torsion-rod, then the rod will take up some position of equilibrium 
called the neutral position, in which the string has no torsion. 
Let this be represented in the figure by Ca. Now let the masses 
A and B be moved round O into some position B,A,, making a 
not very large angle with the neutral position of the torsion-rod. 
The attractions of the masses A and B on the balls wiil draw the 
torsion-rod out of its neutral position into a new position of equi- 
librium, in which the attraction is balanced by the torsion of the 
string. Let this be represented in the figure by CH,. The angle 
of deviation #,Ca, and the time of oscillation of the rod about this 
position of equilibrium are observed. 


Secondly, replace the plank AB at right angles to the neutral 
position of the rod, and move it in the opposite direction until 
the masses A and B come into some position A,B, near the rod 
but on the side opposite to B,A,. Then the torsion-rod will 
perform oscillations about another position of equilibrium CZ, 
under the influence of the attraction of the masses and the torsion 


of the string. As before the time of oscillation and the deviation 
H,Ca are observed. 


_ In order to eliminate the errors of observation, this process 
1s repeated over and over again, and the mean results are taken. 
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The positions B,A, and A,B,, into which the masses are alternately 
put, are as nearly as possible the same throughout all the ex- 
periments. The neutral position Ca of the rod very nearly 
bisects the angle between B,A, and A,B,, but as this neutral 
position, possibly owing to changes in the torsion of the string, 
is found to undergo slight changes of position, it is not to be 
considered in any one experiment coincident with the bisector 
of the angle A,CB,. 


Let Cx be any line fixed in space from which the angles may 
be measured. Let b be the angle wCa, which the neutral position 
of the rod makes with Cz; A and B the angles which the alter- 
nate positions, B,A, and A,B,, of the straight line joining the 
centres of the masses, make with Cz; and leta=4(4+8). Also 
let x be the angle which the torsion-rod makes with Cw at the 
time t. 


Supposing the masses to be in the position A,, B,, the moment 
about CO of their attractions on the two balls and on the rod will 
be a function only of the angle between the rod and the line A, B,; 
let this moment be represented by #(A — x). The whole apparatus 
is enclosed in a wooden casing to protect it from any currents 
of air. The attraction of this casing cannot be neglected. As it 
may be different in different positions of the rod, let the moment 
of its attraction about CO be w(x). Also the torsion of the string 
is very nearly proportional to the angle through which it has 
been twisted. Let its moment about CO be H(«—b). 


If then J be the moment of inertia of the balls and rod about 
the axis CO, the equation of motion is 


ro" = $(4 — 2) + (e)— E(x —D). 


Now a—z is a small quantity, let it be represented by &. 
Substituting for # and expanding by Taylor’s theorem in powers 
of &, we get 

a? wu / 

— 1 FF = 6 (A-a)+¥ (@)— E(a—b)+ (g' (A-a) - (+ BLE, 


Let pee A 
ay pa ag PAR O+ 9 (= Blab), 
In 
Then a=et+Lsin (nt +L’), 


where ZL and L’ are two arbitrary constants. We see therefore 
that in the position of equilibrium the angle made by the torsion- 
rod with the axis of w is e, and the time of oscillation about 
the position of equilibrium is 2zr/n. 


Let us now suppose the masses to be moved into their alternate 
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position A,B,; the moment of their attraction on the balls and 
rod is now —¢(#—B). The equation of motion is therefore 
1 oO =~ $(0—B) + (a) - E(w). 
Let a=a~— €, then, substituting for B its value 2a — A, we find 
by the same reasoning as before 


a=e+Nsin(nt+N’), 
where n has the same value as before, and 


—6(A-—a)+yW(a)— E(a—}d) 
Ir? ; 


In these expressions, the attraction (a) of the casing, the 
coefficient of torsion H and the angle 6 are all unknown. But 
they all disappear together, if we take the difference between 
e and e. We then find 

p@(A—a) e-¢ ay 

pees Ak sl Naser ert oe: (A), 
where 7’ is the time of a complete oscillation of the torsion-rod 
about either of the disturbed positions of equilibrium. Thus the 
attraction @(A —a) can be found if the angle e—e’ between the 
two positions of equilibrium and also the time of oscillation about 
either can be observed. 


e=at+ 


472. It is sometimes wrongly objected to the Cavendish 
experiment that the attractions of the balls A and B are supposed 
to be great enough to be measured, while the much greater 
attractions of surrounding objects, such as the house, &c., are 
neglected. But this is not the case. The attractions of all fixed 
bodies are included in that of the casing. These are therefore 
not neglected but eliminated from the result. It is to effect this 
elimination that we have to observe both e’—e and the time of 
oscillation. We thus really form two equations, and from these 
we eliminate those attractions which we do not want to find. 


473. The function $(A — a) is the moment of the attractions 
of the masses and the plank on the balls and rod, when the rod 
has been placed in a position Cf, bisecting the angle A,CB, be- 
tween the alternate positions of the masses. Let M be the mass 
of either of the bodies A and B, m that of one of the small balls, ' 
m' that of the rod. Let the attraction of M on m be represented 
by uMm/D*, where D is the distance between their centres. If 
(p, q) be the coordinates of the centres of A, referred to Cf as 
the axis of w#, the moment about C of the attraction of both the 
masses on both the balls is 

2uMm r Eas a 
2 


BE nits Se | 
(p-or tg}? (prot gi) 
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where ¢ is the distance of the centre of either small ball from the 
centre C of motion. Let this be represented by «MmP. The 
moment of the attractions of the masses on the rod may by 
integration be found to be wMm’Q, where Q is a known function 
of the linear dimensions of the apparatus. The attraction of the 
plank may also be taken account of. Thus we find 


$(A — a) — pM (mP +m'Q). 
If r be the radius of either ball, we have 
I= 2m (e+ 2r?) +4m' (c— ry, 
which may be represented by [= mP’ + m’Q’, where P’ and Q’ are 


known functions of the linear dimensions of the rod and balls. 
Hence we find by substituting in equation (A) 
mP+mQ _e—é a 
‘mP’+mQ' 2 (F 

Let E be the mass of the earth, R its radius and g the force 

of gravity, then* g=wZ/R?. Substituting for yw, we find 
M e-é Ry 1 mP’+m’Q’ 
ji, Oe. DL} gh? mP +m Q?- 

The ratio m/m’ was taken equal to the ratio of the weights of 
the ball and rod weighed in vacuo, but it would clearly have been 
more accurate to have taken it equal to their ratio when weighed 
in air. For, since the masses attract the air as well as the balls, 
the pressure of the air on the side of a ball nearest the attracting 
mass is greater than that on the furthest side. The difference 


of these pressures is equal to the attraction of the mass on the air 
displaced by the ball. 


474. By this theory the discovery of the mass of the earth 
has been reduced to the determination of two elements, (1) the 
time of oscillation of the torsion-rod, and (2) the angle e—e’ . 
between its two positions of equilibrium when under the influence 
of the masses in their alternate positions. To observe these, 
a small mirror was attached to the rod at C, with its plane 
nearly perpendicular to the rod. <A scale was engraved on a 
vertical plate at a distance of 108 inches from the mirror, and the 
image of the scale formed by reflection on the mirror was viewed 
in a telescope placed just over the scale. The telescope was 
furnished with three vertical wires in its focus. As the torsion-rod 
turned on its axis, the image of the scale was seen in the telescope 
to move horizontally across the wires, and at any instant the 


* In Baily’s experiment, a more accurate value of g was used. If e¢ be the 
ellipticity of the earth, m the ratio of centrifugal force at the equator to equatorial 


gravity, we have g=u = {1+m— 2c — ($m —) cos?\}, where R is earth’s polar radius 


and ) the latitude of the place. 
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number of the scale coincident with the middle wire constituted 
the reading. The scale was divided by vertical lines one-thirteenth 
of an inch apart and numbered from 20 to 180 to avoid negative 
readings. The angle turned through by the rod when the image 
of the scale moved through a space corresponding to the interval 
of two divisions was therefore ;5.74,.$=73”46. But the 
division lines were cut diagonally and subdivided decimally by 
horizontal lines; so that not only could the tenth of a division 
be clearly distinguished, but, after some little practice, the fractional 
parts of these tenths. The arc of oscillation of the torsion-rod 
was so small that the square of its circular measure could be 
neglected; but as it extended over several divisions it is clear 
that it could be observed with accuracy. A minute description 
of the mode in which the observations were made would not find 
a fit place in a treatise on dynamics, we must therefore refer the 
reader to Baily’s memoir. 

In this investigation no notice has been taken of the effect of the resistance of 
the air on the are of vibration. This was, to some extent at least, eliminated by a 
peculiar mode of taking the means of the observations. In this way also some 
allowance was made for the motion of the neutral position of the torsion-rod. 

We have also not considered what relative dimensions should be given to the 
different parts of the instrument, consistent with its proper support, so as to obtain 
the most accurate result. Such considerations are hardly suited to a general 
treatise on dynamics. In the original experiments the attracting masses A and 
B were large, and brought near the small balls m and m. Asa rapid oscillation of 
the rod was inadmissible, the moment of inertia I of the rod and balls was large 
and the torsion of the string was small. The size of the instrument was not handy. 
It was very important that the whole instrument should be kept at the same 
uniform temperature. As this could not be completely accomplished slight air 
currents were set up both within and without the wooden casing. Thus the 
oscillation of the rod was sometimes irregularly affected and the torsion of the 
string altered. 


475. The density of water in which the weight of a cubic 
inch is 252°725 grains (7000 grains being equal to one pound 
avoirdupois) was taken as the unit of density. The final result 
of all the experiments was to determine for the mean density 
of the earth the value 5°6747. 


Many experiments have been made besides those by Cavendish 
and Baily, a full account of which is given by Poynting in his 
Adams’ Prize Essay, 1894. We may allude to the results of 
Cornu and Baille (see Comptes Rendus, 1873 and 1878). They 
made several improvements in the apparatus and found the mean 
density to be 556. They considered that they had found an error 
in Baily’s method of taking his means, and that, if this were 
corrected, Baily’s result would become 5°55. The observations 
made by Jolly at Munich and Poynting at Manchester are also 
important; the former gave 5°692 and the latter 5:4934 as the 
mean density. 
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A great improvement in the mode of conducting the experi- 
ment has been made by Boys. It is clear that every diminution 
in the size of the apparatus is an advantage, provided the extent 
of oscillation remains sufficiently large for accurate measurements. 
The apparatus is then more easily kept at one temperature, and 
can be made more free from currents of air. Now Boys discovered 
a method of making fine quartz wires, which are not only 
sufficiently strong to carry the beam, but are also free from some 
other defects of ordinary metallic wires. The result of his ex- 
periments gave 55270, which is considered to be a very near 
approximation to the truth. Proceedings Royal Soc. 1889. 


476. Three general methods have been employed to determine 
the mean density. In the first a balance is used as in the 
Cavendish experiment. In the second the mass of the earth is 
compared with that of a mountain by observing the deviation 
produced in a plumb-line by the attraction of the latter. The 
mountain chosen was Schehallien, and the density of the earth 
was found to be a little less than five times that of water. See 
Phil. Trans. 1788 and 1811. From some observations near Arthur's 
Seat, the mean density of the earth was given by Lieut.-Col. 
James of the Ordnance Survey as 5316. See Phil. Trans. 1856. 

In the third method the force of gravity at the bottom of a 
mine is compared with that at the surface, by observing the times 
of vibration of a pendulum. In this way the mean density of the 
earth was found to be 6566. Airy, Phil. Trans. 1856. 

The following summary of results is taken from Poynting’s 
Essay. 


SRE oE ar Experimenter Method Result 
1737-40 Bouguer Plumb-line and Pendulum | Inconclusive 
1774-6 Maskelyne and Hutton Plumb-line 4:5 to 5 
1855 Jameson ds. ©larkom sulle mesesennccsce eames: 5'316 
1821 Carlini Mountain Pendulum 4:39 to 4°95 
1880 Mendenhall ue temimese. case anccrscen aT7 
1854 Airy Mine Pendulum 6°565 
1883 Wong Sterneckiammy|) sumececadere est cnssecenn 577 
1885 NOISES || ae desnshagnecaroonud about 7 
1797-8 Cavendish Torsion Balance 5-448 
1837 Irn § | eaceedenruaseonanaen 5:49 
1840-1 seit; e e= i a) = sacoppodaesbenancoo ton 5°674 
1852 Ieee ~~ iboregabanospdctionyce 5583 
1870 CornikandsBaillene aly mn cc deenesesaceticaaie 5°56 to 5°50 
1889 doKs: be = al Ma AGaapoddoranooncnponc in progress 
1879-80 Von Jolly Common Balance 5692 
1878-90 Poynting Spe tee eo 5493 
(Konig, Richarz an Shaws ee 
1884- lewicricar Menzel y) cere er” in progress 
1886-8 Wilsing Pendulum Balance _ 5579 
1889 Miaskay 9 MW os MIRE caieeatemcis se’ in progress 
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EXAMPLES*. 


1, A uniform rod of length 2c rests in stable equilibrium with its lower end 
at the vertex of a cycloid whose plane is vertical and vertex downwards, and passes 
through a small smooth fixed ring situated on the axis at a distance b from the 
vertex. Show that, if the equilibrium be slightly disturbed, the rod will perform 
small oscillations with its lower end on the arc of the cycloid in the time 


An ‘of Ce ahh oy where 2a is the length of the axis of the cycloid. 
3g (b? — 4ac) 

2. A small smooth ring slides on a circular wire of radius a which is con- 
strained to revolve about a vertical axis in its own plane, at a distance ¢ from the 
centre of the wire, with a uniform angular velocity w where w? (¢,/2+a)=9,/2; 
show that the ring will be in a position of stable relative equilibrium when the 
radius of the circular wire passing through it is inclined at an angle 45° to the 
horizon; show also that, if the ring be slightly displaced, it will perform a small 
oscillation in a time 7 where (T/27)?g (¢./8+a)=a,/2(c /2+a4). 

3. A uniform bar of length 2a, suspended by two equal parallel strings each of 
length b from two points in the same horizontal line, is turned through a small 
angle about the vertical line through the middle point, show that the time of a 
small oscillation is 2m ,/bk?/ga?. 

4, Two equal heavy rods, connected by a hinge which allows them to move 
in a vertical plane, rotate about a vertical axis through the hinge, and a string 
whose length is twice that of either rod is fastened to their extremities and 
bears a weight at its middle point. If M, M’ be the masses of a rod and the 
particle, and 2a the length of a rod, prove that the angular velocity about the 

39 M+2M’ 
2aN2° M 
also that, if the weight be slightly depressed in a vertical direction and the system 


: : cnt bi te Oh Rs 4a,/2 M+3M’' 
1 2A) ae 
eft to itself, the time of a small oscillation is 27 15g ° M+ OM’ 


5. A ring of weight W which slides on a rod inclined to the vertical at an angle 
a is attached by means of an elastic string to a point in the plane of the rod, so 
situated that its least distance from the rod is equal to the natural length of the 
string. Prove that, if @ be the inclination of the string to the rod when in 
equilibrium, cot @—cos@=n cosa, where W/n is the modulus of elasticity of the 
string. Also if the ring be slightly displaced the time of a small oscillation will 
be 27 ,/{nl/g (1—sin? 6)}, where lis the natural length of the string. 


6. A circular tube of radius a contains an elastic string fastened at its highest 
point equal in length to one-eighth of its circumference, and having attached to its 
other extremity a heavy particle which hanging vertically would double its length. 
The system revolves about the vertical diameter with an angular velocity (/g/a. 
Find the position of relative equilibrium, and prove that, if the particle be slightly 
disturbed, the time of a small oscillation is 2a G Ne [Art. 450.] 

NVar+4 g 

7. A heavy uniform rod AB has its lower extremity A fixed to a vertical 
axis, and an elastic string connects B to another point C in the axis such that 
AC=a, AB=a,/2; the whole is made to revolye round AC with such angular 
velocity that the string is double its natural length and horizontal when the system 


vertical axis when the rods and string form a square is wy ; prove 


* These examples are taken from the Examination Papers which haye been set 
in the University and in the Colleges, 
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is in relative equilibrium, and then left to itself. If the rod be slightly disturbed 
in a vertical plane, prove that the time of a small oscillation is 2r »/4a/21g, the 
weight of the rod being sufficient to stretch the string to twice its length. Art. 452. 

8. Three equal elastic strings 4B, BC, CA surround a circular are, the ends 
being fixed at A. At B and C two equal particles of mass m are fastened. If J be 
the natural length of each string supposed always stretched, and \ the modulus of 
elasticity, show that if the equilibrium be disturbed the particles will be at equal 
distances from A after intervals 7,/ml/d. Art. 454. 

9. A particle of mass M is placed near the centre of a smooth circular 
horizontal table of radius a, strings are attached to the particle and pass over n 
smooth pulleys which are placed at eqnal intervals round the circumference of the. 
circle; to the other end of each of these strings a particle of mass M is attached ; 


show that the time of a small oscillation of the system is 2r ee ar 5 

10. Two discs slide in a circular tube of uniform bore containing air, exactly 
fitting the tube. The two discs are placed initially so that the line joining their 
centres passes through the centre of the tube, and the air in the tube is initially of 
its natural density. One disc is projected so that the initial velocity of its centre 
is a small quantity. If the inertia of the air be neglected, prove that the point 
on the axis of the tube equidistant from the centres of the discs moves uniformly 
and that the time of an oscillation of each dise is 27,/Maz/4P, where M is the 
mass of each disc, a the radius of the axis of tube, and P the pressure of air on 
the dise in its natural state. 

11. A uniform beam of mass M and length 2a can turn round a fixed horizontal 
axis at one end; to the other end of the beam a string of length lJ is attached and 
at the other end of the string a particle of mass m. If, during a small oscillation 
of the system, the inclination of the string to the vertical is always twice that of the 
beam, then M (31-—a)=6m (l+a). Art. 458. 

12. A conical surface of semivertical angle a is fixed with its axis inclined at 
an angle @ to the vertical, and a smooth right cone of semivertical angle 6 is placed 
within it so that the vertices coincide. Show that time of a small oscillation 
= 2r ,/(sin (a — 8) cosec a/g), where a is the distance of the centre of oscillation of 
the cone from the vertex. 

13. A number of bodies, the particles of which attract each other with forces 
varying as the distance, are capable of motion on certain curves and surfaces. 
Prove that, if A, B, C be the moments of inertia of the system about three axes 
mutually at right angles through its centre of gravity, the positions of stable 
equilibrium will be found by making 4+B+C a minimum. Art. 469. 

14. A particle is in motion within a triangle ABC, and is attracted perpendicu- 
larly to the sides with forces each equal to m times the perpendicular distance. 
Show that the motion is expressed by two terms of the form P sin {tn/(Mu) + a} : 
where (A—1) (\N—2)+2 cos A cos Bcos C=0. Show that the roots of this quadratic 
are real and positive. 

Examine the case of an equilateral triangle, and in that case verify the above 
result independently. 

15. The force between two small masses attracting according to the law of the 
inverse square of the distance is equal, at distance a, to a very small fraction 
n of the weight of either. They are suspended by two strings of length J from two 
points situated in a horizontal plane, at a distance apart equal to a, and are set to 
perform small vibrations in the same vertical plane; prove that the motion of 
each is compounded of two harmonic motions whose periods are very nearly as 
1:14 2nl/a. P 

ze. D, 26 


CHAPTER X 


ON SOME SPECIAL PROBLEMS 


Oscillations of a Rocking Body in three dimensions 


477. A heavy body oscillates in three dimensions with one 
degree of freedom on a fixed rough surface of any form in such a 
manner that there is no rotation about the common normal. Find 
the motion. 


478. The Relative Indicatrix. Let O be the point of 
contact when the heavy body is in equilibrium. Let the common 
normal be the axis of z, and let the other two axes be at right 
angles in the common tangent plane. The equations to the 
portions of the surfaces in the neighbourhood of 0 may be written 


in the forms z=4 (ax + 2bay + cy’) + &e. 

a=4 (aa? +2b' ay + cy’) + &e. 
Let an ordinate move round the origin so that the portion z— 2’ 
between the surfaces is constant and equal to any indefinitely 


small quantity A. This ordinate traces out an evanescent conic 
on the plane of zy whose equation is 


(a—a’')#+2(b—0') syt+(c—c) yr =2A. 
Any conic similar and similarly situated to this, lying in the 


tangent plane and having its centre at O, is called the Relative 
Indicatriz of the two surfaces. 


Let OR be any radius vector of this indicatrix, then the 
difference of the curvatures of the two sections made by a 
normal plane zOR (or their sum, if they are measured in oppo- 
site directions) varies inversely as the square of OR. This of 
course follows from the definition of the conic by a well-known 
argument in solid geometry. Thus, let (7, z)(r, 2’) be the co- 
ordinates of two points on the two circles of curvature at the 
same distance from the axis of z We have ultimately 2ez=r° 
and 29’2z’ =r, Also z—2'=A, hence, eliminating z and 2’, we see 
that the difference of the curvatures varies inversely as 7, 


Let OR be a tangent to the are of rolling determined by the 
geometrical conditions of the question. Let p, p’ be the radii of 
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curvature of the normal sections through OR, taken positively 
: : beer a ye al 
when the curvatures are in opposite directions, and let += ay are 


Then s may be called the radius of relative curvature. 
The three following propositions are of use in dynamics. 


479. Prop. The Instantaneous Axis. Let OJ and Oy 
be two conjugate diameters of the relative indicatrix, then, if Oy 
be a tangent to the arc of rolling, OJ is the instantaneous axis, 
and, if @ be the indefinitely small angle turned round the in- 
stantaneous axis, the arc o of rolling is given by c= Ossin yOI. 

To prove this, measure in the plane yz along the surfaces two lengths OP and 
OP’ each equal toc. Then in the limit P’P is parallel to the normal Oz. Let it 
cut the plane of zy in M. Draw another ordinate Q’QN indefinitely near to P'PM 
so that PP’=QQ’, then MN is an elementary arc of that relative indicatrix which 
passes through M, and is therefore parallel to OI the conjugate diameter of OM. 
Also PQP’Q’ is a parallelogram. 

The planes OPQ, OP’Q’ are ultimately tangent planes at P and P’, and must 
intersect in a straight line OJ parallel to PQ or P’Q’. If then we turn the body 
round OJ, the tangent planes at P and P’ will be brought into coincidence and the 
one body will roll on the other. Thus OJ is the instantaneous axis. 

Now, since MN is the projection of PQ or P’Q’ on the plane of zy, it follows 
that OJ, a parallel to MN, is the projection of OJ, a parallel to PQ or P’Q’. Also 
the parallels PQ and P’Q’, being tangents to the surfaces, make indefinitely small 
angles with the plane of zy, hence OJ makes an equal indefinitely small angle 
with OI. If ¢ be this small angle and @ the angle of rotation about OJ, the 
motion of the body is represented by rotations 6 sin ¢ about Oz and 6 cos ¢ about 
OI. Since 6 is indefinitely small, the former is of the second order and is to 
be neglected. The latter reduces to 0. 

To prove the last part of the proposition, we may again resolve this latter 
rotation into a rotation @cos yOI about Oy and a rotation @sinyOI about Ox. 
The former does not affect the arc of rolling along Oy, the latter obviously gives 
o=s0sin yOI. 


480. Prop. The Cylinder of Stability. Measure a length 
ssin?yOI along the common normal Oz and describe a circular 
cylinder having this length as a diameter of the base, the axis 
being parallel to OZ. If the centre of gravity of the body be 
inside this cylinder, the equilibrium is stable: if outside and 
above the plane of wy, the equilibrium is unstable. The cylinder 
may therefore be called the cylinder of stabilty. 


‘These results follow from the second expression for the moment 
of gravity about OJ found in the next proposition. 


481. Prop. The time of Oscillation. Let G be the 
centre of gravity and K the radius of gyration of the body about 
OI, then the length Z of the simple equivalent pendulum is 


given by “ = cos GOz. sin?yOI — OG. sin?GOL. 


26—2 
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If OG produced cut the cylinder of stability in V, then 


2 
i = GV.sin?GOl. 
L 
We deduce from this that the time of oscillation of the body 
is the same as if the fixed surface were plane, and the curvatures 
of the upper body at the point of contact were altered so that 
the Relative Indicatrix remained the same-as before. 


482. These results may be obtained by taking moments about the instantaneous 
axis, see Art. 448. The general course of reasoning may be indicated as follows. 
In equilibrium O is the point of contact and OG is vertical; as the body rolls 
on the surface, say in the direction y’P, let P be the point of contact at the 
time t and let O’, G’ be the positions in space occupied by the points O and G 
of the body. These points are not marked in the figure, but O and O’ will obviously 
lie indefinitely close to each other between y’ and P, so that OO’ is perpendicular 
to Py’, while G’ will move from G a little to the right, as seen from any point 
in PI’. Draw PW vertical, and PF parallel and equal to O’G’. If PI’ be the 
instantaneous axis at the time t, @ is the angle between the planes WPI’ and FPI’. 


To find the moment of the weight about PI’ we resolve gravity parallel and 
perpendicular to PI’. The 
former component has no 
moment about PI’, the latter 
isgsin WPI’. Let this latter 
act parallel to some straight 
line KP. The moment re- 
quired is the product of re- 
solved gravity into the shortest 
distance between the line of 
action of this force and the 
straight line PI’. This short- 
est distance is equal to the N 
sum of the projections (with 
their proper signs) of PO’, 
O’G’ on a straight line per- py 
pendicular to both KP and 
PI’. Let this straight line be PH. To find these projections we shall use a little 
spherical trigonometry. Let the figure represent the spherical triangles formed by 
the ares on a sphere subtending the various angles at the centre P. Also Py’ isa 
tangent to PO’ the are of rolling, and Pz’ is normal to the surface at P. The 
projection of PO’ on PH is ¢ cosy’PH=c cos y’PN cos NPH =c sin y'PI’ cos KP2’. 
The projection of O’G’ is the same as the projection of PF and this is 

=PF cos HPF=— PF sin WPF=-OG. 6sin WPI’. 
The differential equation is therefore (since ¢= 6s sin y’ PI’) 
K°9= — 6g {s. sin?y'PI’. sin WPI’ . cos KPz' — OG. sin? WPI’}. 
We now replace sin WPI’. cos KPz’ by its equivalent cos WPz’. In the small 


terms containing the factor @ we may remove the accents, and replace P and W by 
Oand G. We immediately obtain one of the results. 


Zz’ 


To obtain the other, we write the equations of moments in the form 
ie 9 . s KP2' 

K%§ = — 0g sin? WPT’ Fay Di pee ee 

g \ BY Ae Son E ae he 
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But, if D be the diameter of the cylinder of stability drawn with its axis parallel to 
PI’, and if PW cut the cylinder in V, we have PV.cos KPW=D cos KP2’. 
Substituting in the equation, the expression in brackets takes the form PV —OG, 
which is ultimately equal to GV. We thus obtain the second result. 


We might also find the periods by the method of vis viva. 


Oscillations of Cones in three dimensions. 


483. Oscillations of Cones to the first order. A heavy 
cone of any form oscillates on a fixed rough conical surface, the 
vertices being coincident. It 1s required to find the time of a small 
oscillation. 

The motion of a cone about its vertex regarded as a fixed point 
is conveniently discussed by the help of spherical trigonometry. 

Let O be the common vertex, G the centre of gravity of the 
moving cone, OG=h. With centre 0, 
and radius equal to OG, describe a 
sphere; it is on this sphere that we 
shall suppose our spherical triangles to 
be constructed. The figure represents 
only these triangles and O is not marked. 
Let OJ be the instantaneous axis of the 
moving cone, le. the common generator 
along which the two cones touch, and let 
it cut the sphere in J. Let OW be a 
vertical drawn upwards to cut the same 
sphere in W. Let the arcs WI =z, 
GI=r. In the position of equilibrium the three straight lines 
OW, OG, OI are in the same vertical plane, and they are so 
represented in the figure. | 

Let n be the inclination of the vertical plane GOJI to the 
normal plane to the two cones along OJ. Let p, p’ be the semi- 
angles of the two right circular osculating cones of contact along 
OI, taken positively when the curvatures are in opposite directions, 
In the figure their axes cut the sphere in C and D. 

If K be the radius of gyration of the moving cone about OJ, 
the length Z of the simple equivalent pendulum is given by 

2 / 
= = sin (z¢—7) cosn ea es — sin’ sin Z. 

The dynamical principle used in obtaining this result is that 
of taking moments about the instantaneous axis, Art. 448, If G 
be the position of the centre of gravity at the time ¢, and @ the 
angle between the planes GOJ, GOL, we have 

UCL EOE, Sake eect Goa ee eae (1), 


where M is the moment of g acting at G about the instantaneous 
axis at the time ¢. 
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If OP be a neighbouring generator of the fixed cone and the 
angle POI be o, the moment M’ about OP of g acting at G’ isa 
function of 9 and c. We therefore have to the first order of small 


quantities Ms Ao + BO). tescacessseneg pene (2), 
where A and B depend on the form of the cone. 

Finally, if OP be the instantaneous axis at the time ¢, we 
have M’=M and osin(pt+p’)=Osinpsinp’ ....cceeeee (3). 


Eliminating either o or @ from these equations the time of 
oscillation can be deduced. 


The relations (2) and (3) are established in an elementary 
manner in Arts. 484 and 485. The steps in the investigation 
correspond to those used in the oscillation of cylinders (Art. 441), 
the chief difference being that the straight lines used in the 
figure for cylinders are here replaced by spherical arcs. The 
proof of the relation (3) presents no difficulty, but in the general 
case when both the rolling and the fixed cone are of any forms the 
figure required to obtain the relation (2) is rather complicated. 
In particular cases, such as when the fixed surface is plane or the 
rolling cone is one of revolution, there is considerable simplifica- 
tion, the extent of which is pointed out in some of the examples 
in Art. 486. In these the proof, as adapted to the special case 
under consideration, is again briefly sketched. 


Another method. By considering the parts of M’ due to 
6 and o separately, we may arrive at their values without re- 
quiring any figure more complicated than that already drawn in 
this Article. The proof is as follows. 


Suppose (1) that o=0, then M’ is the moment round OI of g acting at @’ 
parallel to the vertical WO. Since the body is turned round OJ through an angle 
6, the arc GG’=hésin GI. Resolving g parallel and perpendicular to OJ, the 
latter component is y sin WI and its moment round OJ is gsin WI.GG’. Sub- 
stituting for the spherical arcs WI and GI their values z and 7, the moment 
becomes —gh@ sin? . sin z. 


Suppose (2) that @=0, then M’ is the moment round the neighbouring generator 
OP of g acting at G parallel to WO. Resolving g along and perpendicular to GO, 
the latter component is g sin WG, and acts at G along a tangent to the spherical 
are GI. To find its moment round OP we resolve it perpendicular to the plane 
OGP and multiply the component by hsinGP. The required moment is therefore 
the product of gsin WG, smIGP and hsinGP. Since ocosx and IGP.sin GP 
both express the perpendicular distance of P from the are GI, the required moment 
becomes gho sin (z—71) cos n, where z—r has been written for WG. 


The complete value of M is therefore 


M=gh {o cos nsin (2~r)-Osinr sin 2}. 


484, As the heavy cone rolls on the surface, the point on the sphere which is at 
J in equilibrium takes the position I’, and P is the new point of contact. Let the 
arc IG assume the position I’G’, and let the centre C of the osculating cone move 
to GC’. Let o=IP be the are rolled over, and let @ be the angle turned round by 
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the cone. Since this angle is ultimately the same as CPC’, we have CC’=6sin p. 
Also CC’ cosec (p+p’) and o cosecp’ are each equal to the angle IDP. We thus 
ice eae 

sin (p + p’) 


485. The vertical OW cuts the sphere in W. To find the moment of the weight 
about OP we must resolve gravity parallel and perpendicular to OP. The former 
component has no moment, and the latter is gsinWP. Let this latter act parallel 
to some straight line KO. The moment required is the product of resolved gravity 
into the projection of OG’ on a straight line OH, which is perpendicular to both OK 
and OP, Thus the spherical triangle HKP has all its sides right angles. In 
equilibrium G lies in the vertical plane WOT, and as the cone rolls G moves to G’, 
so that the arc GG’ is perpendicular to WI, and equal to @sinr. Let this are cut 
WP in M. The projection required is hcos HG’= —h. MG’ since HM is a right 
angle. Since PI makes with PH an angle which is ultimately equal to n, we have 

GM _sinWG_sin(z—-7r) 
ccosn sinWI sinz 
back to its position of equilibrium, is gh sin z(GM~— GG’), which on substitution 


ultimately. The moment required, urging the cone 


becomes M=gh {ocosnsin (2—-1)-O@sinrsin z}. 
Equating this moment with the sign changed to K6, the result to be proved 
follows immediately. 

We may obtain this equation by the analytical method given in Art. 509. We 
there replace the geometry here used by a process of differentiation, which may be 
extended to any higher degree of approximation. 


486. Examples. Ex. 1. If the upper body be a right cone of semi-angle p, 
and if it be on the top of any conical surface, we haven=Oandr=p. The preceding 
expression then takes the form =i = an) sie 

AL sin (p +p’) 

Ex. 2. A heavy right cone of angle 2p and altitude a, suspended by its vertex 
from a fixed point in a rough vertical wall, is oscillating, prove that the length of 
the equivalent pendulum is 4a sec p (1+5 cos? p). 

Let the cone when in equilibrium touch the plane along the vertical Oz. At the 
time t, let the generator ON be the line of contact, where zON=o. Let OA be the 
axis. Resolving gravity along and perpendicular to the line ON, and taking 
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moments about the instantaneous axis ON, we have K2@=-gsing . 3asinp. 
Now, if the cone turn round ON through an angle 6dt, the centre A of the base 
advances a space asinp.6dt, hence, if AH be a perpendicular on ON, H advances 
an equal space. But it does advance a space OH. da, i.e. acospdc. We therefore 
have 6tanp=s. Substituting this value of 6 in the above equation and quoting 
the value of K2 from Art. 17, Ex. 7, the length of the equivalent pendulum is 
found without difficulty. 


Bx. 3. Aright cone of angle 2p and altitude a oscillates on a perfectly rough 
plane inclined to the vertical at an angle z’, the length of the equivalent pendulum 
is 2a sec psec z’ (1+5cos*p). [Resolve gravity into gcos z’ acting down the plane 
and a perpendicular component which can be neglected. Then proceed as in the 
last question. ] 

Ex. 4. A right cone of angle 2p and altitude a is divided by a plane through the 
axis. One of the halves rests in equilibrium with its axis along a generator of a 
fixed right cone of angle 2p’, the vertices being coincident, prove that the length L 
of the equivalent pendulum is given by 


» 11 2a tan? p sin (p’ +z) 
{Or2 + 16 tan2 oS - Be NES 
{972 + 16 tan? p} BL aos 


where z is the inclination of the line of contact to the vertical measured upwards. 


=3r sin z tan p’—4 tan p | 


487. Condition of Stability of Cones to the first order. 
To determine the condition of stability when a heavy cone rests in 
equilibrium on a perfectly rough cone fixed in space. 

It is evident that we must have the length Z of the equivalent 
pendulum, found in Art. 483, equal to a positive quantity. This 
leads to the following construction, which is represented in the 
figure of Art. 483. Measure along the common normal CZ to the 
cones a length JS=s, such that cot s=cotp+cotp’. From S 
draw an arc SR perpendicular to TGW, then 


cosn=cots.tanlR. 
Then L is positive and the equilibrium is stable if the centre of 
gravity of the moving cone be either below the common generator 
of the two cones, or above the generator at an angle r such that 
cot r >cotz+cotlR, 
provided JF is less than a right angle. 


When the vertex O is very distant the cones become cylinders. 
In this case, if the arc z become a quadrant, the condition of 
stability is reduced to r<JR. This agrees with the condition 
given in Art. 442. 


Large Tautochronous Motions. 


488. When the oscillations of a system are not small, the 
equation of motion cannot always be reduced to a linear form, 
and no general rule can be given for the solution. But the oscil- 
lation may still be tautochronous, and it is sometimes important 
to ascertain whether this is the case. Various rules to determine 
this question are given in the following Articles. 
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_ When a particle oscillates on a given smooth curve either 
in a vacuum or in a medium whose resistance varies as the 
velocity we know that the oscillation is tautochronous about 
the position of equilibrium if the tangential force P = m?s where s 
is the length of the are measured from the position of equilibrium 
and m is a constant, Art. 434. If therefore any rectifiable curve 
is given, the proper force to produce a tautochronous motion 
can at once be assigned. Thus a catenary is a tautochronous 
curve for a force acting along the ordinate equal to my, because 
the resolved part along the tangent is obviously ms. The equt- 
angular spiral is tautochronous for a central force wr tending to 
the pole, because the resolved part along the tangent being m’s, 
where m?= cos? a, the time of arrival at the pole is the same 
for all arcs. In the same way the epicycloid and hypocycloid 
are also tautochronous curves for a central force tending from 
or to the centre of the fixed circle and varying as the distance, 
because since 7?= As?+B, the resolved part along the tangent, 
viz. wrdr/ds, varies as s. In all these cases the time of arrival 
at the position of equilibrium is the least positive root of the 
equation tannt=—n/« (Art. 434) where 2«v is the resistance 
and n?+«?=m* The whole time from one position of momentary 
rest to the next is 7/n. 
: ; dx da 
489. If the equation of motion be Ag F( ) . 

where F is a homogeneous function of the first degree, then, in what- 
ever position the system is placed at rest, the time of arriving at the 


position determined by «=0 ts the same. 

1 da 

= a): Let « 
x 

and & be the coordinates of two systems starting from rest in two 
different positions, and let =a, €=«a initially. It is easy to 
see that the differential equation of one system is changed into 
that of the other by writing =«xa. If therefore the motion of 
one system is given by x=¢(¢t, A, B), that of the other is given 
by €=xd(t, A’, B’). To determine the arbitrary constants A, B 
and A’, B’, we have exactly the same conditions, viz. that, when ¢= 0, 
=a and d¢/dt=0. Since only one motion can follow from a 
single set of initial conditions, we have A’=A, and Bea. 
Hence throughout the motion €=«x, and therefore # and & 
vanish together. It follows that the motions of the two systems 
are perfectly similar, and the times equal. 

This result may be obtained also by integrating the differential 
equation. If we put px=dz/dt, we find, after eliminating @, that 
the variables p and ¢ can be separated, showing that p is a 
function of t+ B. Hence by an easy integration «= Ag (¢ + B). 
When ¢=0, da/dt =0, and therefore ¢'(B)=0. Thus B is known 
and « vanishes when ¢$(¢+B)=0, whatever be the value of A. 


Let the homogeneous function be written of ( 


410 ON SOME SPECIAL PROBLEMS [CHAP. X 


It must be noticed that if the force be a homogeneous function of the velocity 
and «, the motion is tautochronous only in a certain sense. It may happen that 
the system arrives at the position determined by «=0 only after an infinite time, 
or the time of arrival may be imaginary. Thus, suppose the homogeneous function 
to be m2z, where m? is positive, then the system starting from rest moves continually 
away from the position z=0. The value of z is evidently represented by an 
exponential function of « which never ceases to increase with the time, It is 
therefore necessary in applying the rule to ascertain whether the time given by the 
equation ¢ (t+ B)=0 is real or not. 

We may in general determine this from the known circumstances of each par- 
ticular case. The two following general conditions will guide us in our decision. 
If the time before arrival at the position x=0 is to be real and finite, and the same 
from all initial positions, it is clear that the position «=0 must be one of equilibrium. 
For, if not, place the system at rest indefinitely close to that position, then the 
time of arrival will be zero, unless the acceleration be also zero. Further, the 
position of arrival must be a position of stable equilibrium for all displacements ; 
or at least for all displacements on that side of the position of equilibrium on which 
the motion is to take place. 


490. Lagrange’s rule. Jf the equation of motion be 

de (dx? f' (a) da 

ale’ WO + FIT FO) 
where F is a homogeneous function of the first degree, and f(x) is 
any function of «x, show that, in whatever position the system is 
placed, the time of arriving at the position determined by f(x) = 0 
as the same. 


This is Lagrange’s general expression for a force which causes a tautochronous 
motion. The formula was given by him in the Berlin Memoirs for 1765 and 
1770, and in other places. Another very complicated demonstration was given by 
D’Alembert, requiring variations as well as differentiations. Lagrange seems to 
have believed that his expression for a tautochronous force was both necessary and 
sufficient. But it has been pointed out by M. Fontaine and M. Bertrand that 
though sufficient it is not necessary. At the same time the latter reduced the 
demonstration to a few simple principles. A more general expression than 
Lagrange’s has been lately given by Brioschi, but it does not appear to contain 
any cases of tautochronous motion not already given by Lagrange’s formula. 


Lagrange’s result may be arrived at by the following reasoning. 
The motion from rest is tautochronous with regard to the point 


=, if the equation of motion be oe = ai (; er) . Put s=¢(y), 


dt? a at 
we easily find Ue Od cae gp’ dy 
Tet? (iG) =9F Ga 


where ¢ stands for ¢(y) and accents as usual denote differential 
coefficients. Let $/¢’ = f(y), substituting we have 


Cy fe dy? 1 fdys? 1 dy 
melee + fF (Gay) 
where f has been written for f(y). The last two terms of this 
expression form a homogeneous function of f and dy/dt of the first 


ART. 492] LARGE TAUTOCHRONOUS MOTIONS 411 


degree, and therefore Lagrange’s formula has been proved. This 
demonstration is due to Bertrand. Liowville’s Journ. Vol. x1. 1847. 


The motion begins from rest with any initial value of # and 
ends when «=0. Hence, writing c=¢(y), we see that in the 
second equation the motion begins with dy/dt=0 and with any 
initial value of y, and terminates when ¢(y)=0. Now da/dt does 
not in general vanish when x=0, since the system arrives with 
some velocity at the position of equilibrium. But since 


TU De ders ert! 

Uae Oa 

¢ (y) does not vanish when w=0. It follows therefore, since 
o=¢ .f(y), that the motion terminates when f(y) = 0. 


491. Effect of a resisting medium. If the motion is 
tautochronous according to Lagrange’s formula in a vacuum, the 
motion is also tautochronous in a medium whose resistance varies 
as the velocity. The only effect of such a resistance is to introduce 
an additional term, viz. 2«v, of the first degree into the arbitrary 
function #. This theorem is due to Lagrange. 


If the resistance is 2«v + xv, we write Lagrange’s equation in 
the form 


da _f' (@) Viens - 

TG) = Oya eee 
Putting the coefficient of v? equal to «’, we find by integration 
that f(v)=Ce**+ A/x’. If # is measured from the position of 
equilibrium, at which by Lagrange’s theorem f(#)=0, we must 
have A =—x«’C. The result is that for this law of resistance, the 
motion 1s tautochronous if the impressed force is P= C(e** — 1). 
This result agrees with those given by Kuler and Laplace. 


492. We can give an easy independent proof of this theorem. For the sake of 
simplicity let the system be a particle moving from rest towards a point A of equi- 
librium on a smooth given curve under the action of a tangential force P. The 


: ev OS dv 
i —= ——k" 2Qxu= —P. 
equation of motion is, if a0 wae + 2Kv 
d 
This equation can be written in the form Ty (e"v) + 2k (ev) = — Pe", 
é d2w dw = 
provided a= -—K'v, ie. w= —k’'s. Put e“ds=dw, . ae + 2k = + Pe e's —(), 


The time of arrival at the point w=0 will be independent of the are if we put 


Pe-*S=mw, Art. 434. Now w= oF) een, and if s is measured from the 
K 


me : 
position at which w=0, we have x/C=1. We therefore have tong (e**—1) which 


is the same result as before. Also the time of arriving at the position w=0 is 
given by the least positive root of the equation tan nt= —n/« where n?=m?—x?. If 
x2>m? the particle arrives at the position w=0 after an infinite time, Art. 434. 
Laplace remarks that the expression for the force P is independent of the 
coefficient x of that part of the resistance which varies as the velocity, while the 


412 ON SOME SPECIAL PROBLEMS [CHAP. X 


time of arrival at the position of equilibrium is independent of the coefficient x’ of 
that part of the resistance which varies as the square of the velocity, Mécanique 
Céleste, Vol. 1., page 38. 

Ex. 1. Find the smooth curve such that the motion of a heavy particle in a 
medium whose resistance is 2xv+x’v2 may be tautochronous. Since gravity is the 


n, d ose 
only force we put P=— (Css ia, 2 A 3 Op) = (e& § — k's), 


, 


Ex. 2. Find also the curve when the impressed force tends to the origin and is 
equal to pr”. 


493. Motion on a rough cycloid. A heavy particle slides 
from rest on a rough cycloid placed with its aais vertical, in a 
medium whose resistance varies as the velocity, show that the motion 
as tautochronous. 


Let O be the lowest point of the cycloid, P the particle, OP =s, 
so that the are is measured from O in the direction opposite to 
that of the motion. Let the normal at P make an angle W with 
the vertical, let p be the radius of curvature at P, and a the diameter 
of the generating circle. Then, by known properties of the cycloid, 
s=2asinw, p=2acosy. Let mw be the coefficient of friction, g 
the accelerating force of gravity, and let the mass be unity. Then, 
if R be the pressure on the particle measured positively inwards 
and v=ds/dt, we have 


du , i 
dp RE 9 sin py — 2x, Bo Neri Cy 
Eliminating A, the equation of motion becomes 
dv pm. One 
ee + 2v + — — sin (—e) = 0 we eer eeteat (2), 


where tane=m. This may be written 


d U, ub, g Tak 
a? v) + 2« (e Wie ee sin (Ww —e)=0, 


provided - =— pb ; , Le. u=—pry. Put evds=dw; 
aw dw g ; 
._ ——_ ——— @7 1 y — = 
dP +2« di rt eee “Y sin (yr—e)=0. 
Now w = fe 2a cos Wd = 2a cos € e¥Y sin (fp — €). 
The equation therefore reduces to 
Bw dw g 


gel Oi eee es ee ee 
qa Mr Pec Ean u 


The motion is therefore tautochronous, Art. 434. At what- 
ever point of the cycloid the particle is placed at rest, it arrives 
at the point A determined by w=0, Le. =e, in the same time. 
The point A, at which the tautochronous motion terminates, is 


clearly an extreme position of equilibrium in which the limiting 
friction just balances gravity. 
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The time of arrival at A is given by the least positive root of 
the equation tan nt = — n/«, where n? + x? = g/2a cos?e; the whole 
time from one position of momentary rest to the next being /n. 


So long as the particle is moving in the same direction the 
constant w retains the same sign, Art. 159. The motion is there- 
fore given by 

e-*¥ sin (ap — e) = Ae sin (nt + B), 


where, as before, n?+x«?=g/2acos?e and A, B are ‘constants. 
When the particle arrives at the next position of rest, it will 
begin to return or will remain there at rest according as the value 
of at that point is greater or less than the angle of friction. 


We may also deduce the tautochronism of the motion from Lagrange’s theorem. 
Proceeding as in Art. 491 and equating the coefficient of v? to n/p, we find a value 
of f(s) which makes the Lagrangian equation become the same as that of the 
particle on the cycloid. 


494, Historical Summary. Thatasmooth cycloid is tautochronous in vacuo for 
a heavy particle was first proved by Huygens in his Horologium Oscillatorium, 1673. 
Newton extended this to the case in which the resistance is 2xv, and also proved 
that a smooth epicycloid is tautochronous for a central force varying as the distance. 
That the oscillations on a cycloid are tautochronous when the curve is rough has 
been deduced by Bertrand from Lagrange’s formula, Liouville, Vol. xut., 1848. He 
ascribes the proposition to Necker, who published it in the Mémoires des savants 
étrangers, Vol. 1v., 1763. Euler practically determined the force which would make 
a smooth curve tautochronous when the resistance is «v2, Mechanica, 1736. This 
result was afterwards extended by Laplace to the case in which the resistance is 
2xv+x'v?, Mécanique Céleste, Tome t., page 36. Puiseux has a memoir on smooth 
tautochronous curves in vacuo, and also for heavy bodies when the resistance is 
k’v, Liouville, Vol. 1x., 1844. He remarks that he has avoided the use of series, 
such as that employed by Poisson in his Mécanique (see Art. 197). He discusses 
the tautochrone in vacuo when the force is central and varies as the distance and 
shows that the curve is an epicycloid, a hypocycloid or a certain spiral. Haton de 
la Goupilliére proves that the epicycloid when rough is also tautochronous and 
points out briefly that this fact is not affected by a resistance 2xv, Liowville, Vol. x11. 
Darboux in a note to the Mécanique de Despeyrous, 1884, shows that when friction 
is taken account of the only tautochronous curves are those discussed by Puiseux. 


495. IWfotion on any rough curve. A particle, starting from rest, moves on a 
rough curve of given form in a medium whose resistance is «’v?, under the action of 
forces which depend only on the position of the 
particle. Prove that the necessary condition that 
the time of arriving at the position of equilibrium 
should be independent of the arc described is 
where P=G-—wpH is the excess of the tangential 
force G over the part »H of the friction, and m is a 
constant. Find also the time of transit. 

Let A be the point at which the tautochronous motion terminates, M the position 
of the particle at any time t, AM=s, so that s is measured from A in the direction 
opposite to that of motion. Let the tangent at M make an angle wy with the axis 
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of «, and let y and s increase together. Let the tangential and normal components 
of the force be G and H; the tangential component G acting towards A, and the 
normal component H acting outwards, i.e. opposite to the direction in which p is 
measured. We shall suppose p to be positive throughout the arc. The equations of 


motion are therefore 

v dv 0 

—=R-H, v—=pR-G+-K'v (1). 

p ds 
Since the particle starts from rest, we see that R and H are initially equal and thus 
have the same sign. We shall suppose that H is positive throughout the motion, 
so that the impressed force urges the particle outwards. It follows that R also is 
positive throughout the motion. The friction continues therefore to be represented 
by wR, without any discontinuous changes in the sign of u, such as would happen if 
R were to change sign without a corresponding change in the direction of the friction. 
(See Art. 159.) Hliminating R we find 

dv 


ae 
et ay fq? — = 3 
OF By ok (G@-pH) (2) 


Let P=G-wzH, so that P is the whole impressed force urging the particle 
along the tangent towards the point A. We may prove that P must be positive 
throughout the motion until the particle reaches A. If P be zero at any point B, 
then, placing the particle at rest at B, it will remain there in equilibrium, and 
therefore the times of reaching A from all points will not be the same. We see also 
by the same reasoning that the point A must be one at which P is zero. (See 
Art. 489.) Writing ds/dy for p, the equation of motion becomes 


— —2 (u+«'p)v?= — 2pP, 
. ote tay—en aa [¥ 2pPe~ 2HV—2K'S dy, 


where a is the angle the tangent at A makes with the axis of x. As w is greater 
than a throughout the motion the constant of integration, viz. c?, must be positive. 

We notice that the integral on the right-hand side is independent of the position 
of the starting point of the particle and depends only on the intrinsic equation of 
the curve and the point A. Let us represent this integral by z?, and take z as the 
coordinate of the particle. We have z=c when the particle is starting from rest, 
and z=0 when it arrives at the point A determined by y=a. 

The intrinsic equation of the curve being given, we can imagine y and s to be 


expressed as functions of z. Putting then e~#¥—*S ds=¢ (z) dz, the time 7 of 
transit from z=c to z=0 is easily seen to be 


_ [e blz) 
a ect 


To find the form of the function ¢ which makes this result independent of the 
arc we equate to zero its differential coefficient with regard toc. Putting z=cf we 
have 


ga) en CAA 
oV(l-&)’ de fo JL-2) 

This integral cannot be zero for all values of c unless ¢’ (ct)=0. If it were not 
zero we could by taking ¢ small enough make ¢/ (cé) keep one sign from ¢=0 to 
£=1; thus every term of the integral would have the same sign and the sum could 
not be zero. Writing then ¢(z)=1/m, we see that the time of transit is TZ =7/2m. 


Putting w= —wy—x’s, for the sake of brevity, we have to find P from the two 


: dz Nj 
equations meY = qs? 2 i pPe™dy =z". 
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Integrating the first from y=a to y, ie. z=0 to z and substituting in the second 
we have {mje"ds}?=2{ Peds. Differentiating and reducing, this leads to 


w 
Pamte-« | e“pdy, Ae = ct (u+K’p) P. 
a dy 


Since P vanishes when =a, we verify the theorem that the point at which the 
tautochronous motion terminates is a position of equilibrium ; Art. 489. 


Ex. Show that this law of force is included in the Lagrangian expression for a 
tautochronous force. ; 

Comparing the Lagrangian equation as written in Art. 491 with (2) of this 
article, term for term, we find an expression for f(s), ie. —P, which agrees with 
that given above. 

By deducing the condition of tautochronism from Lagrange’s expression we 
prove that it is sufficient, the mode of proof adopted above shows that the condition 
is also necessary. 


496. Ex.1. LEuler’s theorem. A particle moves on a smooth curve under the 
action of a tangential force P which is some function of the distance s of the particle 
from the position A of equilibrium, and the time of arrival at A from rest in any 
position is independent of the are. Prove that if the motion take place in vacuo, 
P=Cs; and if in a medium whose resistance is x’v?, P=C (en's —1). This should be 
proved by the method of Art. 495, not deduced as a particular case from the general 
result, 


Ex. 2. .A heavy uniform string is placed within a thin smooth cycloidal tube 
with its base horizontal. Prove that the time of oscillation is the same for all arcs 
and is independent of the length of the string. 


497. Determine how the time of arrival at the position A of equilibrium in 
Art. 495 would be modified if the resistance were changed to 2«v+k’v?. 


2 
The equation of motion (2) of Art. 495 now becomes oe =no +00 —2xv—P. 


dt 
As in Art. 493 this may be written in the form & (e"2) + 2x (e%v) +e"P=0, 
2 
provided u=—py-x«’'s. Put e“ds=dw, si “at 26S 4 ot P=0, 


The time of arrival at the point 4, determined by w=0, becomes independent of the 
arc if the last term is equated to m?w. We then have P=m?e~“/e“ds, which is the 
same value as P as before. The time of arrival at the position of equilibrium is now 
given by the least positive root of tan n7’= —n/« where n?=m?— x’, the time from 
one position of rest to the next being m/n, Art. 434. 


498, Epicycloids Gc. Supposing the curve to be rough, the resistance to be 
2Qxv, the force central and equal to Xr, and the tautochronic period to be given, 
prove that the differential equation of the curve is p=ip, where i (1+m?/\)=1+p?, 
and X is positive when the force is repulsive. The constant m is a function of the 
period whose value is given in Art. 497; when the resistance is zero the tauto- 
chronic period is 1r/2m. Trace also the curves included in this equation. 

In this case G= —)dp/dy, H=p; see the figure at the beginning of Art. 495, 
Since «’=0, the condition of tautochronism takes the simpler form m?p=dP/dyp — uP. 
Substituting for P its value G—H, we arrive at the given result. 

2 

To trace the curves p=ip, we notice that ale OR. in the epicycloid in 
which a and D are the radii of the fixed and rolling circles respectively and that in 
the hypocycloid 6 is negative. 
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If we sketch the curve whose ordinate is i and abscissa b we see at once 
that there are two asymptotes defined by i=1 and b=—ia. As b increases from 
—o to —a, i varies from 1 to 0; as b increases from —a to 0, i is negative being 
o when b=—4a; as D increases from 0 to », 7% varies from 0 to 1. Thus 7 may 
have any negative value and any positive value less than unity. 


(1) If i has any negative value, b is negative and lies between —a and 0. 
Since i(1+m*/d)=1+ 2 it follows that m?/d should lie between -« and -1. The 
curve is therefore a hypocycloid and the central force is attractive. 


(2) If i is positive and less than unity, b may have any positive value or any 
negative value between —# and —a. This requires that m?/A should lie between 
yw2and «©. The curve is therefore either an epicycloid or a hypocycloid and the 
central force is repulsive. 


(3) If % is positive and greater than unity, the curve takes other forms. 
: a ; ; 
Putting i-1=a, its differential equation becomes aus =a?p. By rotating the axis 
of « round the origin through an appropriate angle, the integral may be reduced to 
one of the forms 
p=sd (e+e), p= ga(e—e™), p= det. 
Since in any curve the projection of the radius vector on the tangent is equal to 
dp/dy, we have 
7? =p? +- (dp/dw)?, cot (y — 6) =dp/pdy. 

We can therefore express the polar coordinates r, @ in terms of wy as am auxiliary 
angle. Tracing the curves we find two kinds of spirals according as we take the 
upper or lower signs, together with an equiangular spiral whose angle 6 is given by 
sin?B=1/i. 

Since the two kinds of spirals do not pass through the origin (for this would 
require both p=0 and dp/dy=0), the point of equilibrium at which the tautochro- 
nous motion is to terminate is found by making tan ¢=1/u where ¢ is the acute 
angle which the radius vector makes with the tangent. In the equiangular spiral 
the point of equilibrium is the origin for the central force vanishes at that point. 


In the first kind of spiral the angle ¢, i.e. y~0, varies from 47 when y=0 to 
tan~11/a when y is infinite, and in the second kind ¢ varies from zero to tan7!1/a 
for the same values of y. In the equiangular spiral ¢ is constant and equal to 
tan 1/a. Hence the first kind of spiral or the second will have a point of 
equilibrium, and be the tautochrone, according as 1<or>a; the are to be described 
being on that side of the position of equilibrium in which tang<1/u. The 
equiangular spiral will also be a tautochrone, the arc terminating at the centre 
of force, provided <a. 


We deduce from the given value of 7 that u?—a?=im?/A; hence m?/) is positive 
or negative, i.e. the central force is repulsive or attractive, according as w>a or 
<a. Since i>1 we must have in the former case p?>m?/n. 


We have therefore the following cases, (1) force attractive; if m?/\< —1 the 
curve is a hypoeycloid, if m?/A>—1 but <0 the curve is the first spiral or the 
equiangular spiral according to the position of the point at which the motion is to 
terminate ; (2) force repulsive, i.e. m?/A>0, the curve is an epi- or hypocycloid if 
m?/® lies between yu? and w, and is the second spiral if m?/\ lies between 0 and p2. 


499. Hx. 1. A system having one degree of freedom is defined by 27=M?6'2, 
U=f (0). Prove that the motion is tautochronous if U=C {{Md6}*, [Put Mdé=ds, 
and use Art. 496.] [Appell. 
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Ex. 2. A system having two degrees of freedom is defined by 
27 = Ad’? +2B0'¢'+C0¢",  U=f (8, ), 
where A, B, C are given functions of 6, ¢. Investigate the constraint which must 
be introduced into the system that the motion may be tautochronous. [Assume 
¢=F (6) and use Ex. 1.] [Appell, Comptes Rendus, 1892. 


Oscillations of Cylinders and Cones to the second order. 


500. Condition of Stability of Cylinders to the higher orders. When 
a heavy cylinder rests in equilibrium on one side of a fixed rough cylinder as 
in Art. 442, the condition of stability is that the centre of gravity should lie within 
a certain circle called the circle of stability. If the centre of gravity lie on the 
boundary of this circle the equilibrium is called neutral, but it is generally either 
stable or unstable, a higher degree of approximation, however, being required 
to distinguish the two. We may reach any degree of approximation by the following 
easy process, which amounts to the continued differentiation of a certain quantity 
until we arrive at a result which is not zero. The sign of this result distinguishes 
between the stability and instability of the equilibrium. The magnitude of the result, 
joined to some other elements, enables us to form the equation of motion. 


501. In equilibrium the centre of gravity is in the vertical through the point 
of contact. Let the body be turned round through 
any angle 0, so that G in the figure is the position 
of the centre of gravity, and I the point of contact. 
Let IV be vertical. Let CID be the common normal 
to the two cylinders, C and D being the centres of 
curvature of their transverse sections. Let p=ClJ, 


1 1 
p'=DI, and let =—+ F , 80 that z is the radius of 
p 


relative curvature. 

Let IG=r7, the angles GIC=n, GIV=4, and let 
IP=ds. Then we have the four following sub- 
sidiary equations 


dir dv cost 1 
5(— 810 ™ a nap , 
dp _1 cosn ds 

ar 2 Pr” do 


Since GI is the radius vector of the upper curve referred to an origin G fixed 
relatively to it, and 47—n is the angle made by this radius vector with the tangent 
at I, the first of these subsidiary equations is evident. ‘To obtain the second we 
notice that C is the centre of curvature, so that the distance GC is constant, as well 
as the radius of curvature, when J moyes a short distance ds along the arc. Now 

GC? =r? +p? —2pr cos n, 
therefore 0=(r—pcosn) dr+pr sin ndn. 

Substituting for dr its value from the first subsidiary equation, this immediately 
gives the second.’ To obtain the third equation we notice that ¢+n is the angle 
made by the normal DI to the lower curve, which is fixed in space, with a straight 

d 1 : ; 
line also fixed in space. Hence + a = rz whence the third equation follows 
from the second. The fourth equation has been proved in Art. 441; the proof’ 


R. D. 27 
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may be summed up as follows. If CP, DP’ be the two normals which are in a 

straight line when the body has turned through an angle dé, then d0=PCI+ PDI, 

which gives d0=ds (; + 3) ne : 
pp z 

502. In equilibrium the centre of gravity of the body must be vertically over 
the point of support. Hence ¢=0. In any other position of the body the value 

hls : dp ap s 
of ¢ is given by the series — s+ qe 103 + &e. 

If in this series the first coefficient which does not vanish be positive and of 
an odd order, it is clear that the line IG moves to the same side of the vertical as 
that to which the body is moved. The equilibrium is therefore unstable for 
displacements on either side of the position of equilibrium. If the coefficient be 
negative the equilibrium is stable. On the other hand, if the term be of an even 
order it does not change sign with s, the equilibrium is therefore stable for a 
displacement on one side and unstable for one on the other side. 


The first differential coefficient is giveu by the third subsidiary equation. The 
second differential coefficient is found by differentiating this subsidiary equation 
and substituting for dn/ds and dr/ds from the others. The third differential 
coefficient may be found by repeating the process. In this way we may find any 
differential coefficient which may be required. 


503. If the first differential coefficient dg@/ds is not zero, the equilibrium is 
stable or unstable according as its sign is negatiye or positive. This leads to the 
condition that r must be respectively less or greater than z cos n, which agrees with 
the rule given in Art. 442. 

If ot 0, we haver=z cos n, so that the centre of gravity lies on the circumference 

s 
of the circle of stability (Art. 442), Differentiating we have 


ao aA) 2sinncosn sinn 


=a; PSE Be a ae (1). 


r2 rp 
Substituting for 7 and z, we have 


SE me VES 
ds? ds\p pO NP pe 


If this be not zero, the equilibrium is stable for displacements on one side of the 
position of equilibrium and unstable for displacements on the other. 

Pp 
qa = 


Bp dad (1 iJ 12 tann d /1 3tan?n/1 2 
de® ~ de@\zj} " zo'\p ‘ p') 2 ale a. (+7): 


The equilibrium is stable or unstable according as this expression is negative or 
positive. 


If 0 also, we differentiate (1) again. After some reduction we find 


If the transverse section be a circle or a straight line these expressions admit of 
great simplification. 


504. Ex, 1. A heavy body rests in neutral equilibrium on a rough plane 
inclined to the horizon at an angle n, Show that, unless dp/ds=tann, the 
equilibrium is stable for displacements on the one side and unstable for displace- 
ments on the other. But, if this equality hold, the equilibrium is stable or 
unstable according as d?p/ds? is positive or negative. Here ds is measured along 
the are in the direction down the plane, 
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Show also that these conditions imply that the equilibrium is stable or unstable 
according as the centre of the conic of closest contact to the upper body is without 
or within the circle of stability. 


Ex. 2. If a convex spherical surface rest on the summit of a fixed convex 
spherical surface in neutral equilibrium, the equilibrium is really unstable, But, 
if the lower surface have its concavity upwards, the equilibrium is stable or unstable 
according as its radius is greater or less than twice that of the upper surface, and is 
really neutral if its radius is equal to twice that of the upper surface. 


The moveable spherical surface in this example must of course be weighted 
so that its centre of gravity is at such an altitude above the point of support that 
the equilibrium is neutral to a first approximation. Thus, when the radius of the 
lower surface is twice its radius, its centre of gravity lies on its surface, i.e. at a 
distance twice its radius from the point of contact. In this case the path of the 
centre of gravity as the inner sphere rolls is a horizontal] straight line, so that the 
equilibrium is strictly neutral. The centre of gravity is outside or within the upper 
surface according as the radius of the lower surface is less or greater than twice its 
radius, and when the lower surface is plane the centre of gravity lies at the centre. 
In this last case also the equilibrium is really neutral. 


505. Oscillations of Cylinders to the higher orders. To form to any degree 
of approximation the general equation of motion of a cylinder oscillating about a 
position of equilibrium. 

Following the same notation as before and taking the figure of Art. 501, the 
equation of vis viva is (k? +7) =C+2U, 
where U is the force function and & the radius of gyration of the body about its 
centre of gravity. Differentiating this with regard to 0, as in Art. 448, we have 

dr dU 
2 2 Bee gO ease 
(k +7) 64+r7 6 qe’ 
The right-hand side of this equation is by Art. 340 the moment of the forces about 
the instantaneous axis, and is therefore in our case equal to grsing. Substituting 
for ps from the subsidiary equations of Art. 501, the equation of motion is therefore 
(k2 +72) 0+rz sin n6?=gr sin ¢. 

The method of proceeding is the same as that in Art. 502. We expand each 
coefficient by Taylor’s theorem in powers of 0, which is to be so chosen as to vanish 
in the position of equilibrium. To do this we require the successive differentials of 
these coefficients to any order expressed in terms of the initial values only of ¢, n, 
andr, The first differentials are given in the subsidiary equations of Art. 501. To 
find the others we continually differentiate these subsidiary equations, until we 
haye obtained as many differential coefficients as we require. 


506. To form the equation to the first order. Let the initial or equilibrium 
values of n and r be a and h. The equation is therefore 
(h2 +k?) d=gr sin 9. 
We have to find r sin ¢ to the first power of 9. Now 


cal de n sin @+7rz cos d G- oe * 
=n — }, 
f (rsin $) = pain gd +9 5h cos p= z p - 
by Rr. from the subsidiary equations. This by reduction becomes 
oer sin p)=7 cos P- 2 cos (p—-7). 
27—2 
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In equilibrium G lies in the vertical through the point of contact, hence the initial 
value of ¢ is zero. The equation of motion is therefore 


(h2 +k?) 0=(h—z cosa) 99, 
which is the same as that given in Art. 441. 


507. To form the equation to the second order. 


We have already found the first differential coefficient of rsing, we must 
differentiate this again and retain only the terms which do not vanish when ¢=0. 
di sin2a sin “| 


j — 72 =e = 
(r sin ¢) =z [eeosa 55 + h fs 


2 


We have a) D 


The equation of motion to the second order is therefore 


(k2 + h®? + 2hz sina. 6) 0+ hz sin a6? 


a1 | sin 2a sin a) 6? 
ds z h pn leee 
By dividing by the coefficient of 6 this may be reduced to the form 


= —(zcosa—h) g0+92 {008 « 


1 p29— — 9262 2 2% cosa—h p_ hz sin a 
6+a70= — b?6? + c6?, P= a aa eae oe ie 
2 dl sin2a sina 
AG Ou Bi 
ptt al DS are (e8* are t h p }. 


Supposing a not to be zero, we find as the solution 


4 c—azb? e+a2b2 
6=Asin (at+B)+— oD Ar + aaa 


where 4 and B are two undetermined constants, and the first term represents the 
first approximation. Thus it appears that the first approximation is substantially 
correct unless a be small, that is, unless the equilibrium is nearly neutral. The 
effect of the small terms is to make the extent of the oscillation on the lower side 
of the position of equilibrium slightly greater than that on the upper side. 


A’ cos 2 (at+ 8B), 


508. Oscillations of Cones to the higher orders. To form the general 
equation of motion of a heavy cone rolling on a perfectly rough fixed cone, 


Let us follow the same line of argument with the same notation as in Art, 483. 
We have however one point of difference. Since the moving cone is not in 
equilibrium its centre of gravity is not in the vertical plane WOI. As before 
let the arcs IG=r, IW=z, and the angles GIC=n, WIC=y. 


Let © be the angular velocity of the moving cone about its instantaneous axis OT. 


gO lake 
Maen by Arte 446, 2A 1 dK? 
ee a a 


where L is the moment of gravity about OJ. 


Litapnl cats aire (1), 


As the cone rolls, the point J moves along the intersection of the fixed cone with 
the sphere. Let [P=ds be the arc described in a time dt. It will be convenient to 
take s as the coordinate by which the position of the cone is determined. 
ds sin (p +’) 


By the same reasoning as in Art. 484 we find Q=— — : 
dt sin p.sin p’ 


We have now to find the moment of gravity about OI. We again use the same 
argument as in Art. 485. Resolving gravity along the perpendicular to OJ, 
the former component has no moment, and the latter is gsinz. Let this latter 
component act parallel to some straight line KO, then KWT is an arc in a vertical 
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plane. The moment required is then the product of resolved gravity into the 
projection of OG on OH, where H is the pole of the are KWI. Thus the moment 
is ghsinzcosHG. To find cos HG 
produce HG to cut KWI in M. Then, 
in the right-angled triangle GIM, we have 
sin GM=sin GIsinGIM. The moment 
L is therefore 


L=-ghsinr sinz sin (n—- y)...(3). 


When the forms of the cones are known, 
we can express K, 7, z, n and y in terms 
of s or any other coordinate we may 
choose. The equation of motion will then 
be known. The determination may be 
effected by the help of the four following 
subsidiary equations 


dr csinn bei 
me ’ Pu 
dn 
as = COtT C08 n — cot p 
dy ; 
aF =cotzcos y+ cot p 


The proof of these is left to the reader. They may be obtained by the same 
reasoning as in the case of the cylinder, with only such modifications as are made 
necessary by using spherical instead of plane triangles. 


509. To find to any degree of approximation the equation of motion of a right 
cone oscillating about a position of equilibrium. 

Since the cone isa right cone, we have K? constant. The equation of motion is 
therefore K2 = =L, where 2 and LZ have the values given in equations (2) and (3) 
of Art. 508. 


We notice that L=0 (and therefore n=) in the position of equilibrium, Let 
the coordinate s be so chosen that it also vanishes in this position. We have 
therefore now to expand Q and Z in powers of s. To effect this we use Taylor’s 


aL @CL\ 8 
theorem, thus L=(3) ++ (Fa) Tete 


where the bracket implies that s is to be made equal to zero after the differentiations 
have been performed. Now these differentiations may all be performed without 
any difficulty, by using the expression for L given in (3) and continually substituting 
f dr dz 

OY Fo) Gs? 
in the same way. 


&c. their values given in the subsidiary equations (4). We may treat Q 


The formation of the equation of motion is thus reduced to the differentiation 
of a known expression and the substitution of known functions. 


We may use this method to obtain the equation of motion to the first power. 


dQ 


Ga : : 
Thus we have Kk? ritmo gh a {sin r sin zsin (n—)} s. 
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Substituting for Q and retaining on the nee hand side only those terms which 
do not vanish when y=n we obtain 
gh dt? 


which gives the same result as in Art. 483. 


sin p sin p’ 


——_——_ — sinr sin z} s 
sin(p+p) 


== {sin (2-1) cosn 


If the cone is not-a right cone, we may express K? in terms of r and n and 
proceed in the same way. 


510, Ex. A heavy right cone rests in neutral equilibrium on the summit of 
another right cone which is fixed in space, the vertices being coincident. Show 
that the equation of motion is 


K? d*s___ sinpsinp’ sin (r—2z) sin (p — 7) 
gh dt?” — sin(p +p’) sin7 sin p 


3 
{cot z+2cotr-cot p} =. 


NOTES. 


Art. 39. Moment of Inertia of a tetrahedron. Mr Arthur Berry has given 
the following interesting proof of the generalization of the moment of inertia of 
a tetrahedron to the corresponding figure in space of n dimensions. See Rendiconti 
del Circolo Matematico di Palermo, tome x1x. 1905. 

Let &, &...&,4, be such homogeneous coordinates in a space E,, of n dimen- 
sions that &+...+&,,,;=1, and let the interior of a simplex S,,,, be defined by the 
inequalities &>0 &.&,,,>0. Let also y,...y,4, be the distances of the corners 
of the simplex from a space E,,_,. 

The distance of a point from E,_, is therefore y,£)+...+Yn1,£,4; and the 
moment of inertia is M={(y,&,+...+YniiEn4:)2dv, where dv is an element of 
volume. In consequence of the symmetry of this expression it is equal to 


BYP to. +P pa) +28 (YYot FY rYst + +YnYntr)s 
where a= fé,2dv, b=fz,é,dv. But with rectangular coordinates x, ... &», 
dv=az,...d%Qy,, 
and because each «x is a linear function of n of the variables & ... &,4,, say & ... Ens 
we have 
We Clare dere kas 2 OC (vanteden dea, 
where C depends solely on the relations between the two systems of coordinates 
«x and é and the integrals are to be taken for all positive values of the variables 
é,...&, such that %+...4+&,<1. In the same way the volume V=C{j... dé... d&q 
with the same limits. If we write 


g (r, s)=ff iste £7 &$ dé ase dé, y 


a _ (2, 0) b_ (i, 1) 
oor V~9(0,0)’  ¥~(0,0)' 
By Dirichlet’s theorem ¢(r, ja hy 5 
a _V(3)P(n+1)_ 2 bee (oa 1) fh 
“V P(t+38) (w+) (n42)?’ Vo P(n+3) (n+1) (n +2)’ 


2V 
Es 1) (n+2 
It is evident that the same method can be applied to the more general integral 
fxXrY*Z*.., dv where X, Y, Z are the distances of any point of the simplex S,,,, from 
several spaces H,_,, H’,-1, &¢. 


{Ys2 te FY nga FY Yat oe FY rYot -- +YnYns} > 


Art. 44. The four equimomental Points of a Body. It is shown in Art. 44 
that four particles of equal mass can be found which are equimomental to any 
body, and a construction, by using a tetrahedron, is given for their positions, 
We may however deduce from Art. 42, Ex. 3, another construction, by using an 
ellipsoid. 

The argument in Art. 42 is briefly as follows. Let the Legendre’s ellipsoid 
at the centre of gravity of the body be constructed, then (as explained in Art. 29) 
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this ellipsoid is equimomental to the body. But this ellipsoid is also equi- 
= = properly placed and a fifth 
particle (required to make up the whole mass of the body) placed at the centre of 
gravity O. If we now put the arbitrary quantity n?=3/5, the mass of the fifth 
particle is zero. 


momental to four equal particles each of mass 


To find the four equimomental points of a body, we construct an ellipsoid 
similar to the equimomental ellipsoid at the centre of gravity O, but having its 
dimensions reduced in the ratio 1: V 3/5. The required points are any four on 
this ellipsoid such that their eccentric lines make equal angles with each other, 
or, which is the same thing, they are at the four corners of the tetrahedron of 
maximum volume inscribed in the ellipsoid. 


When the body is known, the equimomental ellipsoid can be deduced from its 

definition in Art. 29 and the four particles can then be properly placed. Conversely, 
when the positions of the four particles are known, say ABCD, the equimomental 
ellipsoid at their centre of gravity is similar to the ellipsoid circumscribing the 
tetrahedron ABCD with its centre at the centre of gravity but has the linear 
dimensions increased in the ratio /3/5:1. As in Art. 43, the equimomental 
ellipsoid is also similar to the inscribed ellipsoid touching each face in its centre of 
gravity but has the linear dimensions increased in the ratio 1:,/15. It is also 
similar to the ellipsoid touching each edge at its middle point, but has the linear 
dimensions increased in the ratio 1: ,/5. 


The semi-axes of the inscribed ellipsoid are determined in Art. 46 by a cubic 
whose coefficients are functions of the faces and edges of the tetrahedron. The 
positions of the axes are also geometrically determined. Thence the principal 
moments of inertia follow easily enough. 

We cannot reduce the number of equimomental points to fewer than four unless 
there is some plane such that the moment of inertia of the body with regard to it is 
zero. This plane is of course the plane containing the equimomental points. 
When the body is a lamina lying in the plane wy, the equimomental ellipsoid 
becomes a thin lens or disc bounded by the ellipse 

DD Ce 
Sma? t Zmy? M 
When the linear dimensions of this ellipsoid are reduced in the ratio 1 : /3/5, we 
replace the 5 on the right side by 3: One particle may be conveniently placed at 
the extremity C of the axis of Z of the reduced lens and therefore ultimately lies at 
the centre of gravity O. The other three will then lie on an elliptic section parallel 
to the plane of zy, cutting CO produced in a point N such that the centre of gravity 
of all the four points is at O. Clearly ON=100, and the elliptic section is similar 
to the principal section of xy but has its linear dimensions reduced in the ratio 
3: 2,/2. 

The lamina is now equimomental to four particles. If we wish to eliminate 
the one at the centre of gravity, we must increase the masses of each of the 
remaining three from 4M to $M and therefore decrease their distances from the 
centre of gravity in the ratio 2:,/3. The three particles will then lie on an ellipse 
which is obtained by reducing the linear dimensions of the ellipse bounding the 
reduced lens in the ratio compounded of the two above ratios, i.e. in the ratio 
/3:/2. The ellipse on which the three particles lie is therefore 

x? Viera 2 
Sma2 + Smy?— M’ 
which is the result otherwise obtained in Art, 44, 
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Art. 45, Moments with higher powers. To find an integral such as ffy"dady, 
n+l 
taken throughout the area of a closed curve, we integrate — pea dz round the 
perimeter in the anti-clock direction. Let the curve be any rectilinear polygon, let 
the coordinates of its corners 4,, dy, &e. be (x, y,), (xy), &e. and let the successive 
sides A, A,, 4,A,, &c. make angles y,, Wo, &c. with the axis of x. We then have 
for the side A, A, 
Yh a, bt | ogy 00h wey 
[Re-S y ER lesa | ‘ n+2 ‘ 


Treating all the sides in the same way, we find that for any plane polygonal area 
—1 
| | y" da dy = Geet) ed)" {cot py (ya”*? — y,"**) + cot Po (ys”*? — yo"*?) + &e. }...(1). 


Collect the terms according to the suffixes of y and write for cot y,, &c. their 
values in terms of the coordinates of the corners, we then have 


yor? ins —% _ %g- Xp) 
y"dxdy= -2-; = : 
[fv z (n+1) (n+2) lyo-Y1  Y3—Yol 
If we write A, A3, &c. for the areas of the triangles A, 4243, A2A3Aq, &c. this 
is obviously the same as 


2 Yyor*? Ao 
dx dy = = ee Hee nnenaenciteles 2). 
Jf» Y* (m1) (n+2) ~ (y2— yr) 2-9) °) 
For a triangle, whose area is A, this becomes 
QA y gnt2 y gnt2 y rte 
y® dx dy = 7 - + — — + t : 
{fv Y* +1) (n +2) (y2—y1) Yo— Ys) (¥3—Y2)(V3—Ys) | (Yr —Y2) (Yr — Ys) @) 


If 1 be a positive integer this reduces (by an easy division) to 
® Ns CBG APL ects stcck sca seoacgos «avencnietsiots (4), 
where H,, is the arithmetic mean of the different homogeneous products of the 
ordinates y;, yz, y3 of the three corners. 

If the triangle is in space, we want {z"do where z is the ordinate of any element 
do of the area. Let the plane of the triangle cut the plane of xy in some straight 
line Cé and let 7 be the distance of do from Cé. If i be the inclination of the plane 
£n to the plane of xy, we have z=7sini. Hence 

ase QA (sin Ke Nort? 
2 do = (sint)” | WAG a= = 4 
i sy I ? (n+1)(m+2) ~ (42-1) (2-15) 
QA Sy nt2 
= z a Pannen scone ON 
(n+1) (m+2) ~ (%—%) (22 - 2s) ©) 
where z,, 2, 2, are the ordinates of the corners and the summation contains three 
terms, 


We may apply this method to a tetrahedron also. We have 


gntl _ z/ntl 
dad mas ar dy, 
[ff dx dy dz +{f Aare a dy 


, 


where any ordinate cuts the boundary at altitudes z, 2’. Since dxdy=docosi, 
where 7 is the angle the outward normal makes with the positive direction of the 
axis of z, this gives (if dV=dzx dy dz) 


[ ar= wei | Aes ide dohGn oem eee ence (6), 
n+1 


where the integration on the right-hand side extends over the whole boundary as in 
Green’s theorem. The integral (6) is given for each face by (5); taking all the 
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faces we find that [z"dV is equal to the sum of twelve terms (three for each face) of 
the form 


1 ae 2B 
LOG Va a OB 2 13 ewwaaiaemaele ats 7), 
i : (m+1) (m+ 2) (+3) ~ (2, - 29) (23 - 9) @) 
where 2P,,=Acosi=|#,—% , %3—2,| represents 


Yi-Yo, Y3—Yo 
the projection on the plane of xy of the area of the face 4,4, A,, and the product is 
to be taken positively or negatively according to the sign of cosi. In this summa- 
tion there are as many terms containing z,”+® as there are faces which meet at the 
corner 4,. Collect these three terms and reduce them to a common denominator, 
the numerator is then 
gabe Ly — Xp, Lz— Xo Ty — Wy, Ly ~ Ly|+(% —%q) | Lgy— Ly, Ly— Ly | 
Y1 — Yor Ys— Yo Y4—Yos Yi—Y2 1Y3— Yor Ya— Yo 

This expression is the determinant which is equal to six times the volume V of 

the tetrahedron with the sign changed. We therefore have 
Maer une 
dV = SOA ses * Lae (8), 
(n+1) (n+2) (+3) ~ (2-4) (2-23) (2-24) 

where the summation contains 4 terms. 


+ (23 -— %) 


When n is a positive integer, this reduces by a simple division to 
SBP AV eV «Tg snactorsesasthocesge soavesocaseatencte? (9), 
where H,, is the arithmetic mean of the different homogeneous products of the 
ordinates 2,222, of the four corners. 

To find the integral for a quadrilateral area A, 424344 we add together the 
results for the two triangles A, A4A3, 41 4943. After noticing that the ratios of the 
areas of these triangles to that of the whole quadrilateral are z,-2z’ to z,—-z, and 
z'—Z to 24-2, we find that for a quadrilateral of area A 

| pes 1,2.A  f 2,"*? (2, — 2’) Zot? (Z,—2') 
(n+1) (n+2) ((4 ~ 2) (21-43) (41-24) (22 — %) (2 — 23) (22 - 24) 
where there are four terms within the bracket, and z’ is the ordinate of the inter- 


section of the diagonals. When n is an integer this reduces to the simple form 
given in the text. 


+80, 


For two tetrahedra joined together whose united volume is V, we find in the 
same way 


| #ar= Loar 5 2 Me tS (29 — 2") 
(m+1) (m+ 2) (+3) (2 - %) (22-23) (22-24) (2 25)’ 
which again reduces to the simple form given in the text when n is integral. 
We may deduce from these results the value of {(ax+by)"do where a, b are any 
two constants. Thus if for a triangle we have 
fy"do=Ff (y15 Y2s Ys), 


we find by turning the coordinate axes through an angle a, the origin being 
unaltered, 


f(aa + by)"do=f (ax, +by1, axy+by2, ax3+by3), 
where («,41), (t2Y2), (e3y3) are the coordinates of the angular points, and a/b=tan a 


By expanding the two sides of this equation in powers of b and equating like powers, 
we may find {x!y™do when n is an integer. 


Art. 286. Four attracting particles. Four particles, whose masses are 
m, m’, m”, m’’’, mutually attracting each other, are so projected in one plane, that 
the quadrilateral formed by joining their positions at any instant remains similar 
to its original form. 
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Let the distances between mm’, m’m’’, m'’m'", m'’m be a, b, c, d, and let the 
diagonals mm’, m’m’” be f, g. Let the een attraction of m, m’ be mm’/a‘, and 
for the sake of brevity let 4=1/a*t1, B=1/b*t1, &. In the standard figure we 
shall suppose that each particle is outside the triangle formed by the other three. 


Let the distances of the several particles from the centre of gravity O be 
r, 7,7’, 7”. By proceeding as in Art. 286, we find that the acceleration of each 
particle tends towards O. These accelerations are —d?r/dt?+n*r, &c., and since 
these are proportional to 7, 7’, &c. we shall represent them by pr, pr’, &c. Thus 
when the particles describe bircles p=n*, when they start from rest and describe 
straight lines, p= -—d?r/rdt?. For the sake of brevity we shall presently put 
P=p/=m. 


Since O is the centre of gravity, the acceleration of m may (by Leibnitz’s 
theorem) be resolved into the three components Pm’/a, Pm’’f, Pm/d acting along 
the straight lines a, f, d. The accelerating attractions of the three particles 
m’, m’’, m’” act along the same straight lines and are equal to m’Aa, m’Ff, m'Dd. 
By D’Alembert’s principle the particle m is in equilibrium under the action of the 
forces m’ (A — P) a, m’’ (F — P) f,m'” (D — P) d. Hence, again using Leibnitz’s theorem, 
the centre of gravity of three particles, whose masses are proportional to m' (A -P), 
m" (F —P), m'” (D—P) placed at the corners occupied by m’, m’’, m'’, is at the corner 
occupied by the fourth particle m. 

Let us now take moments for these three particles about the side joining m, m’”. 
Since the perpendicular distances of m’, m’’ from this side are proportional to the 
areas of the triangles mm’m’”, mmm’, we have 

m' (A —P) A (m") +m" (F - P) A(m’)=0, 
where A (m’) stunds for the area of the triangle formed by joining the particles when 
m’ is excluded. The other equation for the motion of m may be formed by taking 
moments about either of the sides joining m to m’, or m to m”. In this way we 
form the following eight equations for the four particles; 


m'(4A4—P) _m’(F-P)_m”’ (D-P) 


Kio Aa 
m(A-P) - _m!' (B= P) _ mi” (G-P) (2) 
~A(m) as = A (m”) Sa A (m’”) eee ee cece reece eeeiee > 
m(F-P)_m’(B-P)_ _ iit! (OP) G 

= GAGS = a : 
m(D—P)_m'(G-P)_m'’(C—P) (4) 

Naeem a AGH wi Gene Ca : 


As the two resolutions for the four particles taken as one system and the 
equation of moments give identities, these eight equations are equivalent to five 
independent conditions. From these we may deduce the ratios of the four masses 
when the form of the quadrilateral is given. They also determine P and give 
a relation between the sides of the quadrilateral, which must exist if the motion is 
possible. Eliminating the ratios of the masses we find 

IPS BUR eS fe SEE BES AG mena s & (5). 
B+D-F-G A+C-F-G B+D-A-C 
Any two of these values of P give 
FG (A+C-B-D)+(F+G) (BD- IS Rade sd & BD(A+C)=0...... (6). 
This condition may also be written 
(BF) (A- @) (0-D)=(C—F) (D- G) (B- 4), 
or in another form obtained by interchanging B and D. 
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Besides (6) we have the known geometrical relation which must exist between 
the lengths of the sides and diagonals of any quadrilateral. 


By adding or subtracting the equations (1) to (4) taken two together we 
eliminate P and deduce the ratios of the masses. We find, for the ratios of 
adjacent masses, 
m(D-F)_m'(B-G) m'(A-G)_m’(C-F) 1 m’” (C-G) _ 

Atm) © Atm)? VAG Ate)? 6, AG” A(m) ~ 


and for the ratios of opposite masses 
m(A-—D)_ m’(B-C) m’ (A-B) _ m'” (D-C) 


Apo ae ie) AG) ae (8). 

If the quadrilateral is such that each of the four particles is outside the triangle 
formed by the other three, the areas A (m), A (m’), &c. in the equations (1) to (4) 
are all positive. We then see by glancing at these equations that, if the masses are 
positive, the numerical value of P (i.e. n?/Zm) must separate those of F, G from 
A, B, C, D. Since both diagonals cannot be less than every side, it follows that, 
if the law of attraction is an inverse power, each of the quantities 4, B, C, D must 
be greater than both F and G. It also follows immediately from (8) that the 
greatest and least sides of the quadrilateral are opposite to each other and that 
each diagonal is longer than any side. 


For example, it is evident that the particles could not lie at the corners of 
a parallelogram unless the four sides are equal and each angle greater than 60°. 
Also by equations (1) to (4) the masses at opposite corners are equal. 


The results (6) and (7) were given as an example in the text of the third 
edition (1877) of this treatise (Art. 282, Ex. 2), but were omitted in the sixth 
edition to make room for examples then considered to be more interesting. They 
were obtained by reducing one of the four particles to rest. 


There are two memoirs dated 1895, 1897 by A. G. Wythoff on the dynamical 
stability of a system of four mutually attracting particles. For the results we 
refer the reader to the Nieww Archief Voor Wiskunde. A reference is made to 
a paper by C. Krediet in the same Journal, where several interesting propositions 
on the equilibrium of the four attracting particles are arrived at. This paper the 
author of this book has not seen. 


In volume xxxv. of the Quarterly Journal of Mathematics (Oct. 1903) there is 
a memoir by Prof. E. O. Lovett on the positions and small oscillations of an 
infinitesimal satellite acted on by three masses which move in steady motion with 
special reference to the case in which the three masses are equal. 


The Phil. Mag. for March 1904 contains an investigation by Prof. J. J. Thomson 
of the stability and periods of oscillation of a number of corpuscles arranged at 


equal intervals around the circumference of a circle, with an application to the 
structure of the Aton. 


Tf the mutually attracting particles start from rest, as described in Art. 285, the 
sum of the resolved parts of the momenta m,v,, mov., &c. in any direction, and the 
sum of the moments of the momenta about any straight line are zero. Since these 
are the necessary and sufficient conditions of equilibrium of a system of forces, 
we may apply to the system of moving particles any of the theorems proved in 
‘‘Statics” for systems of four, five, &c. forces in equilibrium. Thus if four 
particles start from rest the invariant of the momenta of any two is equal to that 
of the other two, and therefore by a known theorem the ratios of the four momenta 
can be written down when the lines of motion are given. If two M,, My, of the 
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particles meet, the invariant of the other two vanishes and therefore the lines of 
motion of m3, m4 must intersect or be parallel. 


If five particles start from rest their five lines of motion can at every instant be 
cut by two straight lines. If there are six particles their lines of motion are in 
involution. In this way we may obtain numerous curious and interesting, though 
not very useful, theorems. 


Art. 399. The Proof of Lagrange’s Equations. The proof of Lagrange’s 
equations in Arts. 397 to 399.a may be arranged somewhat differently by using as 
a lemma an extension of the theorem given in the first example of the last article 
named, 


Lemma. Let L be any function of the variables x, y, &., x’, y’, &e. and t. If 
we express x, y, &c. as functions of any independent variables 0, ¢, &c. and t, 
then will 


dal ab _ addaL db dx ddL adL\ dy & A 
dt de’ do \dt dx’ dx dt dy’ dy ee 
To prove this, we let = (Uy Oy Cy CBC soooaccosonn (1), 
with similar expressions for y, 2, &c. et fet 90 + QC. icc..seoee (2), 


where the &c. refers to the other variables ¢, y, &c. and suffixes denote partial 
differential coefficients. 


Since @ enters into the expression L through both 2, y, &¢., and 2’, y’, &e., 
while 9’ enters only through 2’, y’, &c., we have the partial differential coefficients 


aL _ aL da, aL de |. 6 S Bh rey (3) 
ado dx dd dx’ dé “ 04d 0 maar in : 
: Noe dx’ dx 
By differentiating (2) we see that ae ae” Hence 
ddaL dL ad dL aL\ dz aL dx 
dt do’ do (¥ da’ ~ = Ot on da (fo 7) a 


a sg UG: “ 
Since © fo= fort Fool! + ee. == by (2) the terms with da! &e. vanish, The 


lemma has therefore been proved without assuming that the relations between the 
variables x, y, &c., and 0, ¢, &c., are independent of t. 


To apply the lemma to prove Lagrange’s equations we put L=7'+U, where 
2T = Xm (x? +y +2), 
and x, y, 2 are the coordinates of the particle m. 


ddL ab if 
= co tad ae 
We therefore have Tate de = zm Nee a) a + 


The right-hand side of this equation (after multiplication by 60) is the virtual 
moment of all the forces m («"=3) for a displacement 60, the corresponding dis- 


placements of x, y, &c. being found by differentiating the equation (1) with regard 
to 6, t not varying. But, by D’Alembert’s principle, these forces are in equilibrium, 
and the sum of their virtual moments is zero for any displacement consistent with 
the geometrical equations which hold at the time t. The right-hand side of the 
equation (4) is therefore zero, The Lagrangian @ equation has thus been estab- 
lished. 


se ; da 
By writing T for L in (4) we have FAV TCT) = Ime" ae + &* ood oaneeee (5). 
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Since the right-hand side (after multiplication by 60) is the virtual moment of 
the effective forces ma’’, &c., it follows that the Lagrangian expression on the left- 
hand side (after multiplication by 50) also represents the virtual moment of the 


effective forces of the system for a displacement 60. 
aT , ax 
ag ame det & 

The left-hand side (after multiplication by 50) therefore represents the sum of 
the virtual moments of the momenta of the several particles of the system for a 
displacement 60. 

The fundamental equation (A) has been deduced from the principles of the 
differential calculus without reference to any mechanical theorem. If we put 
L=T+U, it asserts that the sum of the virtual moments of the effective and. 
impressed forces for a displacement 50 has the same value in whatever coordinates 
these forces may be expressed, 


In the same way writing T for L in (3) we have 


Art. 410. Historical Notes. De Morgan’s memoir on the method of solving 
partial differential equations by reciprocation is in vol. vim. of the Cambridge Phil. 
Trans. 1848. He adds in a postscript that, on turning over all the notes of 
M. Chasles’ Apercu Historique...des Méthodes de Géométric, he finds his method 
fully described at note xxx, p. 376, under the head sur les courbes et surfaces 
réciproque. 


Art. 462. The author is informed by Prof. Klein that the first theorem men- 
tioned in this article (viz. that terms of the form (At+B) sin pt are absent from the 
Lagrangian solution) was given by Weierstrass in the Transactions of the Berlin 
Academy 1858, Theorem on the homogeneous function of the second degree with an 
application to the theory of small oscillations. An additional paper appeared in 
1868. Prof. Klein has also sent three references to the works of Reye on moments 
of inertia. These are in the Journals of Schlimilch 1869, Crelle or Borchardi 1870, 
and the Journal of German Engineers x1x. These dates are more recent than those 
of English writers on the same subject. 
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ABSENT COORDINATES, 422. 

Airy. On D’Alembert’s principle, 69. On magnetism, 97, On the standard of 
length, 108, On anemometers, 127. On the seconds pendulum, 461. The 
Cavendish experiment, 470. 

AnrmomETER, Relation between the velocity of the wind and the anemometer, 
126. Robinson’s, Airy’s and Stokes’ experiments, 128; various theorems, 
129. Whewell’s anemometer, 129. Anemometers in mines, 129. 

ANGULAR MomENTUM. Defined, 77. A fundamental theorem in dynamics, 78. 
Analytical formula in two dimensions, 134; standard example, 147. 

Formule in three dimensions, 262; working rule, 265. Method of 
using equimomental points, 266. Expressed in the six components of 
motion, 267. 

The whole momentum generated is equal to the whole force, 283. 
Examples, a central force, 284; three particles, 285 &c. 

Application to sudden changes of motion, 288 &c.; to gradual changes, 
299; to impulses in three dimensions, 306 &c. Examples, page 269. 

Generalized definition and measure, 402. 

AppeLL, Interprets imaginary time, 374. On Carnot’s theorem, 381. General 
equations of motion, 430. On tautochronous curves, 499. 

AREAL COORDINATES. Equations of motion of a particle deduced from Lagrange’s 
equations, page 343, Ex. 6. Moment of inertia of an elliptic disc in areal 
coordinates, 17, Ex. 11. 

Barmy. The length of the seconds pendulum, 104, 105. The Cavendish experi- 


ment, 470. 
Bau, Sir R. The cylindroid, 246, Ex. 4. Relative vis viva of the solar system, 
424, 


Bauuistic PENDULUM. Various constructions, 121. Improved in France, 124. 
Superseded by the chronograph of Bashforth, 121. Haughton’s experiments 
on rifle bullets, 122. 

BasurortH. The chronograph, 121. 

BxrcuIn AND Rousseau. Lagrange’s equations for impulses, 401. 

Bernovutui. Conservation of rotation, 80. Principle of vis viva, 352. 

Berry. Moment of inertia of a tetrahedron in space of n dimensions, page 423. 

Berrranp. Vis viva generated by impulses, 310, Ex. 7; 388. Improves the 
proof of Newton’s principle of similitude, 367. On models, 369. Improves 
the proof of Lagrange’s expression for a tautochronous force, 490. A rough 
cycloid is tautochronous with a resistance 2xv, 494. 

Brsseu. Length of the seconds pendulum, 105, 107, Ex. 2. 

Bruuw1aRp BALLS. Some examples, 326. The theory is continued in. Vol. 11, 
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Binet. Defines moment of inertia with regard. to a plane, 3. On spherical 
points, 55, Ex. 3. Arrangement of principal axes, 56 note. 

Bonnet, O. Theorem on vis viva, 139a, Ex. 2. 

Boys. The Cavendish experiment, 475. 

Brwer. Work of bending a bridge or rod, 349. Example of the principle of 
similitude, 370. 

Carnot. General theorems on impacts and explosions, 378, &c. 

Carriacr. Motion on a rough plane, 165. 

Caucuy. Discovers the momental ellipsoid, 19. Theorem on vis viva, 139 a, 
Ex. 1. Explains Savart’s theorem, 372. 

CAVENDISH EXPERIMENT. Used to find the density of the earth, 470. List of 
other methods, 475, 476. 

Caytuy. On the special problems of dynamics, 19, 117. Report to the B. Assoc. 
of 1857, 73. Theorem on displacement, 246, Ex. 7. 

CENTRAL axis of a displacement (1) infinitesimal, 240; (2) finite, geometrical 
method, 225; analytical, 281. Moments about the central axis, 448. 
CrnrraL Force. Angular momentum constant, 284. An attracted sphere moves. 
round on a horizontal plane, 269, Ex. 3, 4, 5. A particle passes through 

a centre of force, 286b, Ex. 2. 

CENTRE OF osciLLATION. Used to find centre of pressure, 47. Also to find the 
time of oscillation, 92. Centres of oscillation and suspension are convertible, 
92. Centre of percussion, 120. 

CENTRE OF PRESSURE. (1) of an area whose equimomental points are known, 47- 
Case of a triangle for homogeneous and heterogeneous fluid, 47. (2) of 
an area when the principal point of the intersection and the centre of 
oscillation are known, 47. (3) when the moments of inertia aré known, 47; 
locus of centre of pressure in space and in the area, Ex. 3; pressures due to 
rotating fluid, Ex. 5. 

CENTRIFUGAL rorcEs. A body moves in a plane, the equivalent force and couple, 
450 note. A body turns about an axis, 114. A body moves about a fixed 
point, the centrifugai couple and the position of its axis, 260. 

Cuaracreristic. Of a body with a fixed axis, 90. Two bodies having the same 
characteristics move alike, 149. A body replaced by equivalent points, 
149, 76. Various examples, 149. 

Of a displacement, definition and Chasles’ theorems, 247. 

Cuastes. Theorem on the finite displacement of a body, 219. Characteristic 
and focus, 247. 

CurreEe. On the theory of the Robinson anemometer, 129. 

Crrcte. Moment of inertia of arc, 7,9, Ex. 1; of area, 8. Circle of stability, also 
called circle of inflexions in pure geometry, 442. Used to find (1) radius 
of curvature of a roulette, (2) stability of a rocking stone, (3) time of 
oscillation, 442. Generalizations, 443, 444. 

Cuausius. Theory of stationary motion, 375. 

Crocks. Regulation of, 93, Ex. 8. Various books, 94 note. 

Componunts or motion. Defined, 238. Transformed to a screw, 240; to con- 
jugate rotations, 246, Ex. 5. 

Cone, Moment of inertia, 17, Ex. 7; oblique cone equimomental to five points, 
42, Ex. 4. Equimomental cone, 32. 

Oscillations of a heavy conical surface on a rough cone, 483; of a 
right cone on a right cone, against a wall, on an inclined plane, 486. 
Oscillations of cones when in neutral equilibrium to higher degrees of 
approximation, 509. Cone on a smooth cone, page 401, Ex. 12. 
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ConsERVATIVE system. Defined, the work is independent of the path, 337. 

‘Consrrarnt. Principle of least: Gauss’ measure, 390. A system moves as nearly 
as possible in accordance with free motion, 393. Analytical example, 394. 
See also geometrical constraints. 

Coorpinates. Of a body in a plane and in space defined, 73. Degrees of 
freedom, 395. Generalized coordinates, 396. Absent or speed coordinates, 

. 422. Huler’s angular coordinates, 256. Principal moments of inertia used 
as coordinates, 64, Ex. 2. f 

Cortomis. Impact of billiard balls, &e. The direction of friction is unaltered, 
186, 326, Ex. 3. See also Vol. 11. 

Covnoms. Laws of friction, 155. Rigidity of cords, 167. 

Courts. The friction couple, 164. Its indirect action, 162. The work of a 
couple, 348. The angular velocity couple, 234. 

CRICKET BALL, 197, Ex. 2; 312, Ex. 2. 

Cycrorp. The cycloid is tautochronous when rough and with a resistance 2«v, 493. 

CyninpeR. Principal moments of inertia, 17, Ex. 8. 

Oscillation of a cylinder on a fixed cylinder, 441. Two circular 
cylinders on a plane, 462, Ex. 2. 

The cylinder of stability, 480; used to determine the stability of a 
rocking body in three dimensions, 481. 

Cyuinproip. Definition and theorems, 246, Ex. 4. 

D’AtEemBert. General principle in dynamics, 66. This principle replaces Huygens’ 
postulate, 92 note. Closes the controversy on the force of a body in motion, 
322 note. 

D’ALEMBERT’S PRINCIPLE. Explained, 67 and 68. Airy’s view, 69. Example, 71. 
Two systems of fundamental equations, 72; both typically expressed, 78. 
Method of using the principle, 83. 

Darpoux. On rough tautochronous curves, 494. 

Darwin. Secular effects of tidal friction, page 315, Ex. 19, 20. 

Dz Morean. Method of solving differential equations by reciprocation, 410 note. 

Determinant. Rule to write down the determinant of small oscillations, 456. 
Equal roots finite and zero, 462. Several difficulties alluded to and post- 
poned to Vol. m1., 457. 

DIFFERENTIAL EQUATIONS. Solution when the geometrical equations are linear, 
135. Peculiarities of the reactions, 136. Applications to initial motions, 
199, 463. 

Solution by vis viva, 138, 350. The reactions disappear, 138, 141, 362. 

Integrals found when the forces have (1) no component, (2) no moment 
for a fixed straight line, 132, 133, (8) when some coordinates are absent 
from the Lagrangian function, 422. Liouville’s integrals, 407, Ex. 4. 

Solution of the differential equations for small oscillations, (1) with one 
degree, 434, 436; (2) with m degrees of freedom, 455. 

Application of reciprocation, 410 note. 

Dirrerentiation. Applied to find moments of inertia when the surface of the 
body is homogeneous, 10. 

Dimensions. Method of using the theory to predict a formula, 373. 

Disc. Motion on a rough ground, 430%, j. 

Discontinuity (1) due to friction, 158, 159; examples, 162, 166 c&c., 495 ; (2) due 
to the separation of bodies, 136; examples, 145 &c¢.; (3) due to impulses, 


168 &c., 288 &c. 
Dissipation FuNcTION. Represents half the rate of the loss of energy, 427. 


Dor noration. Explained, 70. 
R. D. ' 28 
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Du Buar. On the air dragged by a pendulum, 105. 

Earnsuaw. Theorem on the instability of a free particle, 469, Ex. 1. 

Barruquaxn. Lyell’s observations on an obelisk rotated by the shock, with 
Mallet’s theory, page 63. Seismometers and foci of earthquakes, 175. 

Exxirsr. Moment of inertia about the axes, 8, 9; confocal strata, 11, Ex. 2; 
about a diameter, 17, Ex. 1; a tangent, 17, Ex. 2,6. Moment of inertia, 
(1) when referred to any Cartesian axes, 17, Ex. 10. (2) To areal co- 
ordinates, 17, Ex. 11. (3) When geometrically defined, 18, Ex. 1, 2. 
Momental ellipsoid of an ellipse, 21, Ex. 1.; ellipsoid of gyration, 28, Ex. 1. 
Four equimomental particles, 38, Ex. 8. Three, 44. 

Exxresor. Moment of inertia, 9; similar strata, 11, Ex. 1; about a diametral 
plane, 17, Ex. 3. Moments of the nth order; 9, Ex. 7. Equimomental 
points, 38, Ex. 9. 

Momental ellipsoid of any body, 19. Not every ellipsoid can be a 
momental ellipsoid, 22. Of a rod, 21, Ex. 3; of a material ellipsoid, 21, 
Ex. 3; of a triangle, 37, 38, Ex. 1, 2,42, Ex. 2, General equation at any 
point pqr, 25, Ex. 1. 

Ellipsoid of gyration. General equation, 26 and 28, Ex. 3. 

Exnipric coorpinatrs. Applied to moments of inertia, 9, Ex. 4, 64, Hx. 2. 
Expression for the vis viva of a particle, 365, Ex. 4. Motion of a particle 
on an ellipsoid found, 407, Ex. 6. Equations of motion of a particle in a 
plane under two central forces, page 358, Ex. 8. 

Enercy. Explained, 359, 360. The sum of the potential and kinetic energies is 
constant, 359. Energy of the accelerations, 430. 

Epicyciorps are tautochronous with a central force \r and a resistance 2xv, 498. 

Eaquat roots. These in Lagrange’s determinant do not give terms (At+ B) sin pt, 
except when they are zero, 462. 

EQuiImomENTAL Bopins. Fundamental theorem, 34. Used to shorten integrations, 
36; to find centres of pressure, 47; to calculate effective forces, 76; to find 
angular momentum, 266. 

Four equal particles equimomental to a body and three to an area can be 
found, 44, also see note at the end of the volume. These are not always 
conveniently situated, 36. They can be replaced by five particles the mass 
of one being arbitrary, 42, Ex. 3. 

Equimomenta] points of a triangle, 35; parallelogram, 38, Ex. 6; quad- 
rilateral, 38, Ex. 7; elliptic area, 38, Ex. 8; ellipsoid, 38, Ex. 9, and 42, 
Ex. 3; sphere, 38, Hx.10; tetrahedron, 39; oblique cone, 42, Ex. 4; uniaxial 
body, 266. 

Equimomental ellipsoid of any body, 29; of a triangle, 27; of a tetra- 
hedron, 43. 

Equimomental surface, 65. Equimomental cone, 32. 

Equimomental points with higher powers than the second, 45. 

Evuirr. Defines moments of inertia, 3. Conservation of translation and rotation, 
80. On the ballistic pendulum, 121. Geometrical construction for a finite 
displacement of a body, 215. Solves dynamical problems before D’Alembert, 
68. General equations of motion, 252, 406, 416. Geometrical equations, 
256. Law for a tautochronous force with a resistance 2xv+x'v?, 491, 496. 

Euner’s equations. Dynamical, 252; geometrical, 256. Elementary proof, 252; 
deduced from Lagrange’s equations, 407; from Hamilton’s equations, 416, 
Ex, 2. EHuler’s coordinates, 256. 

Ewine. On the transition from statical to dynamical friction, 155. 

Experiment. Moments of inertia &c, found by observing the time of oscillation, 
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97. Weber on that of a magnet, 97, Ex. Haughton on that of a rifle, 122. 
How the time is observed, 103. Newton on elastic bodies, 179. Morin on 
frictional impulses, 182. On friction, 155 &. Froude on resistance, 371. 
Savart on musical notes, 372. On the seconds pendulum, Kater, 100; Bessel, 
107; Airy and Poisson, 461. On the velocity of wind, Airy, Stokes, &., 128. 
The Cavendish experiment, 470. 

Frrcusson. On anemometer comparisons, 129. 

Ferrers on Lagrange’s equations, 430 note. 

Fixep axis. The fundamental theorem, 88, 89. Ex. of a man walking round a 
horizontal circle, 91. 

Pressure on the axis, (1) symmetrical body, 110; (2) unsymmetrical, 112. 
Short method of finding the pressure when the axis:has a principal point, 
114. Pressure on an inclined axis, 114, Ex. 6. 

Fixtures. A straight line is suddenly fixed in a moving body, 288, 290, 291. A 
point is fixed, 295. Diametral planes of the instantaneous axis before and 
after are parallel, 297; this gives another method of solution, page 270, 
Ex. 8. 

Sudden obligatory motions, 292-7. Fixture of a tube containing fluid, 
page 271, Ex. 17. Lagrange’s equations applied to fixtures, 403. 

Fuammarion. Depth of the foci of earthquakes, 175. 

Firremine Jenkin. On the transition from statical to dynamical friction, 155. 

Focus of inertia defined, 52; how used to find principal moments and axes, 53. 
Position. in an ellipse, 55. 

Of a displacement defined and Chasles’ theorems, 247. 

Forcus. Effective forces defined, 67. Forces of restitution and resistance, 433. 
Centrifugal forces of a body with a fixed axis, 450 note; a fixed point, 260. 
Force function, see Work. 

Four ATTRACTING PARTICLES. Steady motion, page 427. 

Frerepom. Degrees of freedom defined, 395. 

Frequency of an oscillation defined, 434. 

Friction. Laws of friction forces, 154; friction couples, 164. Discontinuity, 158, 
159. Indeterminate motion, 160. How the friction couple indirectly affects 
the motion of translation, 163. 

Examples, 161, 166. Friction of a disc on a plane, page 181, Ex. 23. 
Impulsive friction, 181; general problem of friction at the impact of two 
bodies, 187—198, 315—331, 389. 

Froupr. Theorem on ship models, 371. 

Gauton. Friction with great velocities, 155. 

Gauss. Principle of least constraint, 392, 430 ¢. 

GEOMETRICAL CONSTRAINTS. Equation to express the contact of two bodies, 137. 
Number of equations is equal to that of the reactions, 135. Restriction on 
the geometrical equations when vis viva is used, 351. Vis viva is lost when 
new constraints are introduced, 379, 388. 

GRADUAL CHANGES. ‘Their effects on the motion are deduced from the principles of 
linear and angular momentum, 283. Examples, contraction of the earth, 
&c., 299; others on page 269. Efféct on vis viva, 365, Ex. 2. Hffects of the 
coiling and uncoiling of a chain on its motion, 300. 

Grauam. The compensated pendulum, 94. 

Gvuyon. Explains how a falling cat turns round, 287, Hx. 3. 

Haminron’s Equations. Transformation of Lagrange’s equations, 414. HMxamples, 
416. Another name for generalized coordinates, 73. Hquation of motion 
of a partiéle under a central force, page 358, ix. 9. 
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Harmonic oscillation defined, 437. 

Havenron. The velocity of rifle bullets, 122. The column seismometer, 175. 

Heavisipp. The survey of India and pendulum observations, 105. 

Hemispperr. Moment of inertia, 5; small oscillations, 440. 

Hoxuprtcu. Formula for the time of oscillation of a body, 447. 

Hontonomovus system defined, 396. See also 430 note, three methods. 

Horsz powrr. Defined, 342. Examples of a steamer, tricycle, &., 342. 

Hvuycrns. His dynamical postulate, 68. On the pendulum, 92. A smooth cycloid 
is tautochronous in vacuo, 494. 

Imacinary TIME. The principle of similitude leads to an interpretation, 374. 

Imputse. How measured, 84. Finite forces neglected, 85; except the impulse 
is infinitesimal, 300. General equations for impulses of a system, 86. 

Impulses in two dimensions, 169; examples of a falling reel, 170, 180; 
a jumping sphere, 170 &c. 

Obligatory motions, 171; seized discs, 171a. Earthquake impulses, 
174—5. 

Standard example, a falling rhombus, 176, 176 a, 408; others, 177. 
A body impinges on an obstacle, 174, Ex. 1, 178, page 181, Ex, 22. Elastic 
bodies, Newton’s theory, 179,183. Elastic impulse deduced from inelastic, 404. 

Impulsive friction, Morin’s experiment, 182. Impact of two bodies, 
history, 186; the general problem in two dimensions, 187—198. Graphic 
solution by using the representative point, 193. Problems on a fives ball, 
a cricket ball, &c., 197. 

Infinitesimal impacts, 300. Work of an impulse, 172, 192, 308a, 346. 

Impulses in three dimensions, 306. The equations are independent, 307. 
Geometrical representations, 310. Vis viva generated is a maximum, 310, 
Ex. 7. Motion of any point, 313. 

The general problem of the impact of two bodies in three dimensions, 
elastic, inelastic, smooth, or rough, 315—331. Graphic solution by the use 
of a representative point, 324. Examples of billiard balls and other bodies, 
326. Vis viva is lost by the impact, 378, 388, 389. 

Example of problems solved by (1) Carnot’s Principle, 381; (2) Bertrand’s, 
388 a, Ex. 1, 4; (3) Kelvin’s, 388 a, Ix. 2, 3. 

Solution by Lagrange’s equations, 401. If the coordinates are properly 
chosen T only is wanted, the calculation of U being unnecessary, 408, 403. 

INDEPENDENCE of translation and rotation. Two dynamical theorems, 79; ex- 
plained, 81, 82. 

INDETERMINATE forces, 112; motion, 160. Indeterminate multipliers applied to 
Lagrange’s equations, 400, 429, 430 note. See also Vol. um. 

Inpicarrix. The relative indicatrix defined, 478. Used to find the instantaneous 
axis of a rocking body, 479. The time of oscillation is unaltered if the 
indicatrix remains the same, 481. 

Inertia. Problem on a body without inertia, page 179, Ex. 9. 

Iyrtian motion. A body acted on by an impulsive couple, 118. Various problems, 
119. System of rods, 201, Ex. 2. 

Does a body begin to roll or slide? 158, 166, page 182, Ex. 29. 

ule to find initial reactions when a support is broken, 199, also page 182, 
Ex. 26, 30. Application of Lagrange’s equations, 463. 

Initial radius of curvature in Cartesians and polars, 200, 212, Ex. 3, 4; 
in generalized coordinates, 464, 465. 

Rule to find the higher initial differential coefficients, 200, 465. Various 
examples, 201—2, page 182, Hix. 27, 28, 32, 466. 
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An initial motion from rest is such that the work done is positive, 353. 
Moments about the instantaneous axis, two dimensions, 205; three, 448. 

IntEcrations shortened by using moments of inertia, 18; and equimomental 
points, 36. 

INVARIABLE PLANE. Dynamical plane defined, 301. Distinguished from the 
astronomical plane, 303. 

Invariants of moments of inertia, (1) in a plane, 4+B, AB-F?, D?+H?, 5 and 18, 
Ex. 3; (2) in space, 20. 

Of geometrical motion, 241; invariant of any number of angular 
velocities, Ex. 2; of two screws, Ex. 3. 

InvERsIon applied to moments of inertia, 46. 

Jacopi. Theorem on a free system of attracting particles, 286 b. 

Jacoprans. Applied to moments of inertia, 9, Ex. 4, 5. 

Jotty. On the density of the earth, 476. 

JoURDAIN on the equations of mechanics, 430 note. 

JULLIEN. On the principal point of an edge of a tetrahedron, 51, Ex. 6. 
Coordinates of a point at which the principal moments are given, 64, 
Ex. 2. 

Kater. Length of the seconds pendulum, 100 &c. 

Kertvin. A theorem of his on attractions applied to moments of inertia, 46. On 
principal axes, 56. Defines a conservative system, 337. See Work of an 
impulse. On obligatory motions, 387. Equilibrium of repelling particles 
contained in a vessel, 469, Ex. 2. 

KINETIC POTENTIAL defined, 399. 

KINETIC THEORY OF GAsEs. The pressure is one-third of the vis viva of a unit 
of volume, 376. 

Lacranes. Steady motion of three particles, 286. Vis viva generated by an 
impulse, 310, Ex. 7, 388. General equations, 395 &c. Law of a tauto- 
chronous force, 490. 

LaGRANGE’s EQUATIONS. Investigated, 395; another proof, page 429 note. Take 
the same form for all coordinates, 399a, Ex. 1. Are independent, 399, Ex. 3. 
The limitation that the geometrical equations do not contain differential 
coefficients, 396 and 429. Three methods, 430 note. 

Extension to impulsive forces, 401. 

Applied to small oscillations, 453. Rule to write the determinant, 456. 
Difficulties, 457. Equal roots, 462. 

Applied to initial motions, 463. 

Lams, H. Reciprocal theorems, 417 note. 

Larrace. The knife edges of a pendulum, 107, Ex. 1. Two special cases of the 
motion of three particles, 286. The invariable plane of the solar system, 304, 
305. Law for a tautochronous force with resistance 2xv+x’v?, 491; the force 
is independent of « and the time of x’, 492. 

Lecenpre. His ellipsoid, 29. It is equimomental to the body, 29. The reciprocal 
ellipsoid, 30. Used to find equimomental points, 42, Ex. 3. Note page 423. 

Lersnitz. On the force of a body in motion, 332 note. 

Lrouvitue. Integrals of Lagrange’s equations, 407. Change of the independent 
variable t, 431 a. 

Livine THiIncs. Examples on the motion of a man standing on a smooth or 
rough plane, page 62. A man walks round a horizontal wheel, 91. An 
insect climbs the inside of a cylinder, page 182, Hx. 34. How a man can 
turn round without external forces, 287. A falling cat, Ex. 3. Jumping 
beans, Ex. 4. The frog in a bucket, Ex. 5. How a person, can swing 
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himself, Ex. 6. Fly walks on a sheet of paper, 299, Ex. 4. Insect on a 
constrained rod, page 270, Ex. 13; on a circular wire, Ex. 11, 12; on a 
revolving disc, Ex. 14. 

Marirer. On earthquakes, 174, Ex. 3, 4, 175, page 63, Ex. 12. 

Marey. Photographs of a falling cat, 287, Ex. 3. 

Mermprane. Work of stretching, with examples, 347; also a soap-bubble. 

Mrrroric pust. How it affects the angular velocity of the Harth, 299, Ex. 6. 

Mitnu. Treatise on earthquakes, 175 and page 63. 

Moprts. Bertrand’s remarks, 369. Example of a bridge, 370, Ex. 3. Froude’s 
rule to discover the resistance to a ship by using a model, 371. 

Moprrication. See Reciprocation, 418. 

Moment or Forces. Equation of motion about a moving point, 131. Moment 
about the instantaneous axis in small oscillations, 205, 448; about the 
central axis, 448. 

Moments or inertrA. Of nth order. Triangular plate, 6; sphere, 9, Ex. 6; 
ellipsoid, 9, Ex. 7; ellipsoidal shell, 9, Ex. 8. Value of fz"do for a triangle, 
quadrilateral, tetrahedron, double tetrahedron, generally placed, 45. Note 
page 425. Equimomental points for cubic moments, 45. 

In space of n dimensions, moment of inertia &c. of a sphere, 9, Ex. 9, 
tetrahedron, note page 423. 

Morin. On the laws of friction, 155. Motion of a carriage, 165. Fundamental 
experiment on impulsive friction, 181. 

Movine axes. See also Relative motion. Cartesian equations in two dimensions, 
211; oblique, 212, Ex. 1, 2. Radius of curvature of a path in space, 212, 
Bx. 3, 4. Cartesian equations in three dimensions, 251; leading to Huler’s 
equations, 252. The theory is continued in Vol. 1. 

Newron. ‘Third law of motion, 80. Experiments on elastic bodies, 179. Tauto- 
chronism of a smooth cycloid with a resistance 2xv, 494. 

Niven. Applies Lagrange’s equations to impulses, 402. 

Non-CONSERVATIVE FoRCcES. How Lagrange’s equations can be used, 426, 427. 

OBLIGATORY MoriIons, see Fixtures. 

Oscruuation. See Table of Contents. Free and forced, 433; of the second order, 
450, 457, 500; see also Vol. 11. 

Principle of the co-existence of small oscillations, 460. 

Principal oscillations, their physical peculiarities, 461. 

Oscillation of a body suspended (1) by a string, 458, Hx. 1, 2; (2) by 
another body, Ex. 3, 9; of m heavy particles suspended by a string, 461, 
Ex. 1; disappearance of an oscillation, 461; of a body with one point ona 
revolving line whose motion is (1) given, 450; (2) not given, 452; of a guided 
body, 445. 

Oscillation of a rocking cylinder on a rough cylinder, 441; of a cone on a 
cone, 483; any body on any body in three dimensions, 481; cases of neutral 
equilibrium, 500 &c. Oscillations including the higher powers of small 
quantities, 505, 508 &e. 

PamnLEvE. Remarks on imaginary time, 374. 

Parapona. Moment of inertia, 9, Ex. 2. Motion after a normal blow, 309. 

Oscillations of a heavy rod whose ends move in a vertical parabola, 445, Hx. 2. 

PARALLEL Axes, Theorem. For moments of inertia, 13; important extension to 
other cases, 14. 

PaRaLLELoGRAM. Equimomental points, 38, Ex. 6, Momental ellipse, 42, Ex. 1. 
Parallelogram of angular velocities, 232. See also Rhombus. 

Punputum. See Centre of oscillation, Seconds and Ballistic pendulum. Equivalent 
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pendulum of a body, 92. Minimum time of oscillation, 92. Problems, 93. 
Graham’s compensation, 94. Effect of buoyancy of the air, 95; Robinson’s 
compensation, 96, Ex. 3. Resistance of the air, 105. References, 105. 
Effect of a cavity filled with fluid, 148; of a loose suspension or a detached 
portion, 458, Ex. 9. Example of an equivalent pendulum in three dimen- 
sions, 405. 

Percussion. Centre of: coincides with the céntre of oscillation, 120. 

PERMANENT Axes. ‘Their relation to principal axes, 117. 

Puitures. Impact of rough bodies, 186, 326, Ex. 4, 5. 

Pornsor. Analogy between geometrical motion and statics, 235. On the percussion 
of bodies, 178. On Laplace’s invariable plane, 304. 

Porsson. On spherical points, 55, Ex. 3. Time of oscillation, fixed axis, 122. 
Laws of impulsive friction, 181. Method of solving impulses, 186. Remark 
on the restriction on the geometrical equations in vis viva, 351. On the 
seconds pendulum, 461. 

Ponar ick. How when melting it affects the Harth’s rotation, 299, Ex. 4, 5. 

Porrentian ENERGY. Explained, 358. Potential energy of the solar system, 344, 
Ex. 3. Examples, 361. 

Poyntine. The density of the Earth, 476. 

Pressure. Ona fixed axis, symmetrical, 110; unsymmetrical, 112. Simplification 
when the axis has a principal point, 114. On a fixed point, 255. 

PRINCIPAL AXES AND MomENTS. Defined, 16. Elementary theorems, 23. Max-min 
property, 23. There are three principal axes at every point, 24. Cubic 
equation to find the principal moments at any point pqr, first form, 25, 
Ex. 2; second, 65; cubic for a tetrahedron, 43, Ex. 1. 

Principal point of a straight line (1) when taken as an axis of refer- 
ence, 48; (2) when the body is referred to its principal axes at the centre 
of gravity, 60; when the body is a lamina, 61, Ex. 2. Principal point 
of the side of a triangle, 51, Ex. 5; of the edge of a tetrahedron, 51, 
Ex. 6. Principal point of a plane, 61, Ex. 3. 

Geometrical relations of principal axes (1) to three confocals, (2) to 
any one, 56, 59. Locus of a point (1) when a principal axis is given in 
direction, 51, Ex. 4; (2) when two principal moments are equal, 62; 
(8) when one principal moment is given, 63; (4) other loci, 65. 

PRINCIPAL COORDINATES. Defined, 459; also called harmonic, normal or simple 
coordinates. The Lagrangian function contains no products, 459. When 
can the motion be such that one coordinate can alone vary? 460, 461. 
Example of finding principal coordinates, 461. See also Vol. um. 

Prism. A regular polygonal prism rolls down an inclined plane, 298, Ex. 3, 
366, Ex. 10. 

Prosecrions. Applied to find the moment of inertia of a homeoid, 9, Ex. 8. 
Projections of equimomental bodies are equimomental, 41. Projection of 
the momental ellipse of a plane area, 41. 

Purissux. Smooth tautochronic curves in vacuo; also for a resistance xk’v? 
when the force is gravity; the curve p=ip, 494. 

QuapRiLATERAL. Equimomental to six particles, 38, Ex. 7. 

RapDivs OF CURVATURE. Initial motions, Cartesian and polar, 200. Generalized 
coordinates, 464, 

Of a path in space referred to moving axes, 212, Hx. 3, 4. 

Rar~way TRAINS. Effect on the Harth’s angular velocity, 299, Hx. 3, page 63, 
IB amills 

Rarnprop. Falls in the air and increases in volume, 300, Ex. 8. 
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Rayieren. Dissipation function, 427. Frequency of an oscillation, 434. 

RECIPROCAL THEOREM. Rayleigh, 417. 

Recrprocation. Defined, 410. Applied to solve differential equations, 410 note. 
Reciprocal function of the vis viva (1) of a body, (2) of a system, 413. 
Analogy to reciprocation in pure geometry, 4164. 

Modified function, defined, 418; with one function we can form the 
dynamical equations by the Lagrangian rule for some coordinates and by 
the Hamiltonian rule for the others, 420. General expression for the modi- 
fied function, 421. Simplification when some coordinates are absent, 422. 

REFERENCE TABLE of moments of inertia, 8. 

ReLATIvE motion. See Moving axes. Fundamental theorem, 204; examples, 208, 
page 182, Ex. 31, &c. Impulsive forces, 207. A sphere rolls on a rough 
moving curve, 209; will it go round? 210. Rule to find the relative 
motion of a particle on a moving curve in three dimensions, 213. Vis 
viva, 385. 

REPRESENTATIVE PoInT. Used in solving problems on impact by a graphic 
method, 193, 321. See also Equimomental points. Other uses in Vol. 11, 

Reynotps, Osporne. On rolling friction, 155. 

Ruomsus. Falls in a vertical plane, elementary solution with similar examples, 
176, page 180, Ex. 18, 19, &¢. Solution with Lagrange’s equations, 408. 
Moves on a smooth table, 388a, Hx. 2, page 314, Ex, 12. 

Ricipity oF corps. Measured by (a+b7)/7, 167. 

Ropins. The ballistic pendulum, 121. 

Rozrnson. Compensation of the pendulum by the use of a barometer, 96. The 
anemometer, 126, 

Rop. Momental ellipsoid, 21, Ex. 2. Ellipsoid of gyration, 28, Ex. 2. 

Examples of motion, 146, 147; with friction, 166, Ex. 6. One end 
constrained, 161, Ex. 2. Systems of rods, impulses, 177, 388; initial 
motion, 201, Ex. 2, 417. Various examples, pages 178, 315 &c. Oscilla- 
tions of a rod in a containing vessel of revolution, 445; in a paraboloid, 
445. On a three-cusped hypocycloid and other cases, 447. Application of 
Lagrange’s equations, 408, Hx. 2, 3, page 342, Ex. 2, 3, 5, 7. 

Work of bending, with examples, 349. 

Ropricurs. Theorem to compound finite rotations, 271. Expression for the 
velocity of a point due to a finite rotation, 280). Two theorems, 228, 
Dye aby PAE 

Rotation. A finite displacement resolved into a translation and a rotation, 214— 
219. Base defined, 219. Effects of a change of base on the components 
of translation and rotation, 220. Central axis and screw, 225. Theorems, 
228. Rodrigues’ and Sylvester’s theorems on compounding rotations, 271, 
274. Conjugate rotations, 277. Composition of screws, geometrical, 278; 
analytical, 280a. Effect of a finite rotation on the coordinates of a point, 
280; of two screws, 281. 

Infinitesimal rotations, parallelogram law, 232. Rotations correspond 
to forces, translations to couples, 235. Velocity of any point, 238. In- 
variant, 241. Transformation of the components of motion into screws, 
240; conjugate rotations, 237, 246, Ex. 5; and conversely. 

Savart. Theorem on the notes sounded by similar vessels, 372. 

Screw. Defined, 226. Every displacement is represented by a screw in one 
way, 227. Determination of the screw equivalent to a given motion, 240. 
Composition &¢. of screws, 245a. 


Srconps PENDULUM. Used to find g, 98. CKater’s construction, 100; various 


INDEX 441 


The numbers refer to the articles. 


corrections, 104; especially for resistance of the air, 105. Repsold’s 
pendulum, 106. LBessel’s method of finding g, 107, Ex. 2. Laplace 
on knife edges, Ex. 1. Two small corrections noticed by Airy and 
Poisson, 461, Ex. 2. 

Sen, Present position of the invariable plane, 304. 

Srcner. On principal axes of inertia, 117. 

Separation. Conditions, 136. Rule when the first method of solution applies, 136. 
Separation after impact, 179, 193. Examples of separation, 145, 174, 
page 181, Ex. 22, &c. 

SuEar. See Stress, 150. 

Srmmar Bopies. Geometrical and dynamical similarity distinguished, 115. 

SimmirupE. Principle of, explained and proved, 367. Examples of a pendulum 
and Kepler’s law, 370. Froude, 371. Savart’s theorem on musical notes, 
372. Analytical and imaginary similitude, 374. 

Six constants. Theorem. Used to find moments of inertia, 15. Defines a 
body, 73, 149. 

SLESSER. On moving axes, 251. 

SNELL. On anemometers in mines, 129. 

Soap-pusetE. Work found, 347. 

Sonar system. Special cases, 286. Angular momentum, 286a, Ex. 3. Present 
position of the invariable plane, 304. Work of collecting from infinite 
distances, 344, Ex. 3. Vis viva relative to the centre of gravity, 424. 
Modified function, 425. 

Space or » pDimeNnsions. Moments of inertia, &c. of an ellipsoid, 9, Ex. 9. 
Tetrahedron, page 423. 

Spuere. Moments of inertia, 8; nth order, 9, Ex. 6. Equimomental points, 
38, Ex. 10. 

Motion on an inclined plane, 144; with jumps, 170, Ex. 2; on another 
sphere, 145. On a curve, in a tunnel from London to Paris, &c., 145. 
Rectilinear motion on a rough plane, 162; why it comes to rest, 163; other 
examples, 166. Sphere jumps over an obstacle, 174. A fives ball and 
cricket ball, &c., 197. Sphere rolls on a rough moving curve, 209; will 
it go round? 210. Motion of a billiard ball on a rough plane in three 
dimensions, 269; problems on balls, 269. How a suspended body would 
move if the Earth’s rotation were stopped, 298. Sphere on a plane re- 
volving about a horizontal axis, page 314, Ex. 8. Motion on an inclined 
plane by Hamilton’s method, 416, Ex. 3. 

SPHERICAL Points. Condition of their existence, 55, Ex. 3. Position in a hemi- 
spherical surface, Ex. 4. 

Srasmiry. Ofa heavy body in two dimensions determined by the circle of stability, 
442, 443. Extension to apparently neutral equilibrium, 501. 

Of a heavy body in three dimensions determined by the cylinder of 
stability, 480. Of a cone on a fixed rough cone, 487; with extensions to 
neutral equilibrium, 508. 

Of a single free particle, 469, Ex. 1; of a system of mutually attracting 
particles, Ex. 2. 

A system is stable when the principal oscillations are stable, 460. The 
energy test, 467; this test depends on U not 7, 469. Bodies attracting as 
the distance are in stable equilibrium when 4 + B+ C is a minimum, page 401, 
Ex. 13; 

STANDARDS OF LENGTH. Kater’s measure, 102. Parliamentary commission, 108. 
French methods, 108. 
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Srationary motion. Explained; the mean vis viva is equal to the virial, 375. 

Srocxwetn. The position of the invariable plane of the solar system in 
1850, 305. 

Sroxrs, Sir G. On gravity at the surface of the Earth, 104. The resistance 
of the air to a pendulum, 105. Experiments and theorems on the anemo- 
meter, 128. 

Srress. How measured in a rod, 150. Stress in a rotating wire, 151, 152, Ex. 4; 
in a circular wire and others, 152. 

Srrinc. Motion on a fixed circle, on a cardioid, 145, Ex. 10, 11. Motion of 
coiling and uncoiling chains, 300, 145, Hx. 12. The theory is continued 
in Vol. nu. 

SynvEesteR. Theorem to compound finite rotations, 274. 

TaurocHRonous motions. The force to make any rectifiable curve tautochronous 
in vacuo or with a resistance 2«v, 488. Lagrange’s general rule for a 
tautochronous force, 490. Resisting medium, 491. 

Case of a rough cycloid, 493. The tautochronous force for a curve 
p=f(w) with resistance 2xv+x«'v?, 495. Effect of this law of resistance on 
the time, 497. 

If the force is central, viz. \7, and the resistance is 2xv, the curve is 
p=ip. Discussion of these curves and division into classes, 498. Appell’s 
theorems, 499. 

TENDENCY TO BREAK. See Stress, 150. 

TERRESTRIAL MAGNETISM. Hxample of Gauss and Weber’s method of finding the 
force in absolute measure, 97. 

TrrraHEDRON. Moment of inertia, 39. The equimomental points, 39; the same 
for cubic moments of inertia, 45, Ex. 2. Hquimomental ellipsoid, 43; cubic 
equation giving the principal moments, 43, Ex. 1; geometrical construction 
for principal axes, 43, Ex. 2. 

THREE PARTICLES. Sun, Harth and Moon moving round (1) in a straight line, 
(2) at the corners of an equilateral triangle, 286. Jacobi’s theorem on the 
law of the inverse cube, 286. If the particles start from rest, will they meet? 
285, 286, Ex. 2,5. Oscillations of three equal attracting particles constrained 
to move on straight lines or cireles, 458, Ex. 7, 8. Four particles. Note 
page 426. 

Time. Change of the independent variable t, 431. Imaginary time, 374. 

Tor. Oscillations of a nearly vertical top, 268. The motion of a top is given 
in Vol. 11. 

TowNnsEND. On principal axes, 56, 61, Ex. 4 and 5. 

TRANSFORMATION oF AxES. Used to shorten integrations, 18. Equivalent to a 
rotation, axis found, 217. 

Triancte. Moment of inertia, 6, 35. Hquimomental points for ordinary and 
cubic moments of inertia, 35, 45, Ex. 1. Momental ellipsoid at centre 
of gravity, 37; momental ellipse at a corner and middle point of a side, 38, 
Ex. 1, 2. Quadratic for principal moments and construction for the axes, 
38, Ex. 3, 4, 5. Analytical construction, 51, Ex. 1. 

Rodrigues’ and Sylvester’s spherical triangle, 271, 274. 

Motion of a triangle deduced from its equivalent points, 149. 

See Areal coordinates, Three particles, Solar system, &c. 

TricycLe. Example on a tricycle, 342. 

Uniaxian Bopy. Formule for angular momentum represented by equivalent points, 
266; applied to the oscillations of a top, and other bodies, 268. Its vis 
viva, 365, Ex. 1. 
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Vector. General theorem, leading to moving axes, 250. 

Vierie. A generalization of Lagrange’s equation, 399. 

Viriau. Defined, 375. Virial of (1) two attracting particles, (2) internal, 
(3) external forces, 376. 

VirtuaL work. Applied to finite forces, 350, 357. Applied to impulses, 382; with 
a notation, 383. In generalized coordinates, of (1) the momenta of a system, 
397; (2) the effective forces, 398. How used when the geometrical equations 
in Lagrange’s method contain differential coefficients, 429. 

Vis viva. Two proofs of the principle in two dimensions, 138. Analytical formula 
with converse theorems, 139. Standard example, 147. Remarks on the 
principle, 141—3. 

General proofs deduced from virtual work, 350; from Lagrange’s equa- 
tions, 407; from Hamilton’s equations, 416, Ex. 1. Restriction on the 
geometrical equations, 351. List of forces which may be omitted, 362. 

General expressions for vis viva in terms of the components of motion, 
363; in Euler’s coordinates, 365; in elliptic coordinates, 365, Ex. 4; of a 
changing body similar to itself, 365, Ex. 2. 

Examples on the principle, 366, page 313 &c. Applied to find small 
oscillations, 447. 

Effect of an impulse, 172, 346. Vis viva is lost by the impact of two 
bodies, but not necessarily by a given blow, 173, 378, 388, Ex. 5. With a 
given blow the vis viva is a maximum, 388; with an obligatory motion the 
relative vis viva is a minimum, 386. 

Watton. Axes of reluctance, 119, Ex. 4. The frog problem, 287, Ex. 5. 

Warcu Batance. Time of oscillation, 109; various compensations, 109 b. 

Wauuirraker. Report on Three Bodies referred to, 286 note. 

Worx. Defined in two dimensions, 140; in three, 342. The work function, 339. 
Force and couple are dU/ds and dU/dé, 340. Units of work, 342; horse 
power, 342. Work of gravity, 140, 342; elastic string, 343; collecting a 
body, 344; mutual work, 344; a gas, 345; an impulse, 346; a membrane, 
347; a couple, 348; bending a rod or bridge, 349. 
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